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Résumé/abstract
La qualité des mesures indirectes de la structure du couvert végétal, in situ ou par télédétection
satellitaire, repose principalement sur la connaissance de l'architecture des couverts végétaux. Les
progrès technologiques au niveau de la télédétection au sol, aéroportée ou satellitaire permettent
maintenant d'améliorer significativement l'efficacité des programmes de mesure sur la ressource
forestière. La structure des couverts végétaux décrit la position, orientation, dimension et la
forme des éléments de la canopée. La complexité de la canopée en milieux forestiers limite
grandement notre capacité à caractériser les attributs structuraux de la forêt. Des modèles
d'architecture ont été développés afin d'aider l'interprétation des mesures structurelles des
couverts par télédétection. Récemment, les systèmes LiDAR terrestres, ou TLiDAR (Terrestrial
Light Détection and Ranging), sont utilisés pour recueillir de l'information sur la structure
d'arbres individuels ou de peuplements forestiers. Les TLiDAR permettent d'obtenir
l'information structurelle 3D sous le couvert végétal jusqu'à une échelle centimétrique. La
méthodologie développée dans le cadre de ma thèse de doctorat s'avère être une stratégie pour
compenser la faiblesse au niveau de l'échantillonnage structurel des couverts végétaux. L'objectif
général du doctorat est de développer un modèle d'architecture des couverts végétaux, appelé
L-Architect (LiDAR data ta végétation Architecture), axé sur la capacité de documenter des sites
forestiers et de tirer de l'information sur la structure des canopées à partir d'outils de
télédétection. Spécifiquement, L-Architect reconstruit l'architecture d'arbres individuels de
conifères à partir de mesures TLiDAR. L'évaluation quantitative de L-Architect a consisté à
vérifier (i) la cohérence structurelle des arbres reconstruits et (ii) la cohérence sur le plan radiatif
par l'inclusion des arbres reconstruits dans un modèle de transfert radiatif 3D. Ensuite, une
méthodologie a été développée pour reconstruire de façon quasi-automatique la structure d'arbres
individuels à partir d'un algorithme d'optimisation par l'utilisation de mesures TLiDAR et de
relations allométriques. L-Architect procure ainsi un lien explicite entre les mesures de distance
du TLiDAR et les attributs structuraux d'arbres individuels. L-Architect a finalement été appliqué
à modéliser l'architecture de la canopée forestière pour améliorer la caractérisation verticale et
horizontale de la structure avec des données LiDAR aéroporté. Ce projet arrive à répondre aux
demandes de données architecturales détaillées du couvert végétal, laborieuses à obtenir, pour
reproduire une variété de couverts forestiers. À cause de l'importance des modèles d'architecture,
L-Architect procure une contribution significative pour améliorer la capacité d'inversion des
paramètres des couverts végétaux en télédétection optique et lidar.
The quality of indirect measurements of canopy structure, from in situ and satellite remote
sensing, is based on knowledge of végétation canopy architecture. Technological advances in
ground-based, airbome or satellite remote sensing can now significantly improve the
effectiveness of measurement programs on forest resources. The structure of végétation canopy
describes the position, orientation, size and shape of elements of the canopy. The complexity of
the canopy in forest environments greatly limits our ability to characterize forest structural
attributes. Architectural models have been developed to help the interprétation of canopy
structural measurements by remote sensing. Recently, the terrestrial LiDAR Systems, or TLiDAR
(Terrestrial Light Détection and Ranging), are used to gather information on the structure of
individual trees or forest stands. The TLiDAR allows the extraction of 3D structural information
under the canopy at the centimètre scale. The methodology proposed in my Ph.D. thesis is a
strategy to overcome the weakness in the structural sampling of végétation cover. The main
objective of the Ph.D. is to develop an architectural model of végétation canopy, called
L-Architect (LiDAR data to végétation Architecture), and to focus on the ability to document
forest sites and to get information on canopy structure from remote sensing tools. Specifically,
L-Architect reconstructs the architecture of individual conifer trees from TLiDAR data.
Quantitative évaluation of L-Architect consisted to investigate (i) the structural consistency of the
reconstructed trees and (il) the radiative cohérence by the inclusion of reconstructed trees in a 3D
radiative transfer model. Then, a methodology was developed to quasi-automatically reconstruct
the structure of individual trees from an optimization algorithm using TLiDAR data and
allometric relationships. L-Architect thus provides an explicit link between the range
measurements of TLiDAR and structural attributes of individual trees. L-Architect bas fînally
been applied to model the architecture of forest canopy for better characterization of vertical and
horizontal structure with airbome LiDAR data. This project provides a mean to answer requests
of detailed canopy architectural data, difficult to obtain, to reproduce a variety of forest covers.
Because of the importance of architectural models, L-Architect provides a significant contribution
for improving the capacity of parameters' inversion in végétation cover for optical and lidar
remote sensing.
Mots-clés: modélisation architecturale, lidar terrestre, couvert forestier, paramètres structuraux,
télédétection.
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P  Exposant de la théorie du modèle de tuyaux (ou pipe model)
Pp Probabilité de feuillage au sein d'un cerf-volant 3D (branche)
Pg Probabilité de trouées au sein de la canopée
Po Probabilité d'obstruction de la lumière au-travers de la canopée
Pt Probabilité de transmission de la lumière au-travers de la canopée
r  Coefficient de corrélation
S(v) Ensemble d'attracteurs influençant un sommet v
se Erreur standard
Coefficient de détermination
tf Valeur seuil pour identifier le feuillage
tw Valeur seuil pour identifier le bois
V  Ensemble des sommets d'un graphe
V  Distribution verticale de matériel
A  Indice de densité
r  Fonction objectif
a  Déviation standard
Ç  Coefficient d'attrition ou de perte pour réduire le nombre d'attracteurs
Xll
Avant-propos
Cette présente thèse par articles comporte un chapitre de livre ainsi que trois articles. Les quatre
manuscrits sont écrits en anglais, dont voici les références exactes:
Côté, J.-F., Fournier, R.A., et Verstraete, M.M. (2010). Canopy architectural model in support of
measurement methods using hemispherical photography. À soumettre dans "Hemispherical
Photography for Forestry: Theory, Methods, Applications", édité par R.A. Fournier et R.J. Hall.
Côté, J.-F., Widlowski, J.-L., Fournier, R.A., et Verstraete, M.M. (2009). The structural and
radiative consistency of three-dimensional tree reconstructions from terrestrial lidar. Remote
Sensing of Environment, doi: 10.1016/j.rse.2009.01.017
(Errata: les figures 3-5 et 3-6 ont été corrigées dans la version présente de la thèse ce qui
demanda un changement mineur dans le texte à la section 3.3.2, paragraphe 4. Cela n'affecte
d'aucune façon les analyses ni les conclusions du manuscrit publié dans le journal.)
Côté, J.-F., Fournier, R.A., et Egli, R. (2010). An architectural model of trees for estimation of
forest structural attributes using terrestrial lidar. Soumis au journal Environmental Modelling &
Software le 23-11-2009.
Côté, J.-F., Fournier, R.A., Frazer, G., et Niemann, O.K. (2010). Modeling forest canopy
^  V
architecture for improving structure spatialization with small-footprint airbome LiDAR. A
soumettre au journal Agricultural and Forest Meteorology.
Le chapitre de livre consiste à une revue sur la modélisation architecturale et à un exercice de
modélisation tiré de mon mémoire de maîtrise (Côté, 2006). Les trois autres manuscrits
consistent respectivement au développement algorithmique et évaluation du modèle présenté
dans cette thèse à la reconstruction d'arbres individuels ainsi que de son application au niveau du
couvert forestier. Ma contribution à chacun des manuscrits est au niveau du premier auteur ce qui
inclut le développement, l'évaluation, les analyses ainsi que l'écriture des manuscrits.
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1. Synthèse en français : contexte, méthodologie et résultats
1.1. Introduction
Le but principal en télédétection est d'établir les relations liant les valeurs radiométriques
mesurées par les capteurs et les variables d'intérêt pour un type d'application. L'interprétation
des données implique l'inversion de modèles sur les ensembles de données. Ces modèles sont
soit conceptuels, empiriques ou basés sur la description mathématique de la physique sous-
jacente au transfert radiatif. Les valeurs de réflectance mesurées par télédétection sont contrôlées
par les variables d'état du problème du transfert radiatif (Verstraete et al, 1996). Au sein des
couverts de végétation, ou canopées, la quantification du régime radiatif passe par une description
structurelle du couvert. La structure (ou l'architecture') réfère à la position, l'orientation, la
dimension et la forme des éléments composants la canopée (Ross, 1981, Norman et Campbell,
1989). Les méthodes de mesures indirectes par télédétection des attributs forestiers (ex. surface
foliaire, volume de bois, biomasse, indices de végétation) sont grandement limitées dû au manque
d'information sur la structure des canopées. Par ailleurs, les contraintes physiques inhérentes aux
capteurs et l'hétérogénéité spatio-temporelle de la structure limitent grandement la mesure de
l'arrangement 3D des composantes de la canopée par télédétection.
La structure de la canopée est un système hautement hétérogène et dynamique à diverses échelles
complexifiant les efforts pour la décrire précisément. L'hétérogénéité spatiale peut se traduire par
un groupage au niveau de la distribution des (i) individus au sol, (il) branches/feuilles/organes au
sein des plantes et (iii) éléments au sein des organes comme le groupage des aiguilles au sein des
pousses pour les conifères. La dynamique temporelle peut opérer à l'échelle allant de la
seconde/minute (ex. vent), aux saisons (ex. croissance) jusqu'aux années (ex. processus
écologiques). La quantité d'information requise pour décrire précisément la structure sur une
surface représentative de la canopée est très difficile à obtenir. Pourtant, la qualité de la
description structurelle est intimement liée à notre compréhension des structures qui maintiennent
le fonctionnement physiologique des plantes (ex. transpiration, photosynthèse), des processus
écologiques au niveau de l'habitat et des échanges à l'interface atmosphère-végétation (Parker,
' L'architecture des forêts est un terme moins utilisé en écologie. Toutefois, j'utilise ce terme comme synonyme dans
ce manuscrit en référence à la définition de Ross (1981) et qui est encore employé en télédétection.
1995). Depuis 30 ans, les tentatives pour généraliser les méthodes de mesure indirectes par
télédétection des attributs forestiers se soldent par une applicabilité limitée (Holmgren et
Thuresson, 1998). La principale contrainte n'est pas liée à la qualité des capteurs en télédétection,
mais bien à notre habileté à gérer l'hétérogénéité 3D de la structure de la canopée. L'amélioration
des méthodes de cartographie est donc fortement liée à notre connaissance sur cette structure.
Étudier l'architecture par capteurs optiques satellitaires nécessite généralement des mesures
multi-angulaires qui sont sensibles aux structures de la végétation. Or, les instruments courants
ne sont pas adaptés à la mesure structurelle fine. D'autres approches exploitent l'hypothèse que la
structure de la canopée peut être évaluée par la fraction de trouées mesurée au sol à partir d'une
vue hémisphérique (ex. photographie hémisphérique). Toutefois, les mesures sont limitées dû au
fait que la complexité 3D de la structure est vue dans un cadre 2D. La télémétrie laser 3D, ou
LiDAR {Light Détection and Ranging), est particulièrement adaptée à la mesure de la structure
puisqu'elle procure des points de d'échantillonnage 3D permettant une mesure de la position des
composantes de la canopée, que ce soit à partir de systèmes aéroportés ou terrestres. La
télédétection LiDAR permet d'étudier à des échelles fines l'hétérogénéité de la structure et elle
est appliquée à l'estimation des variables structurelles de la canopée (Omasa et al, 2007). Avec
un échantillonnage adéquat, la synthèse des données des systèmes LiDAR terrestres (TLiDAR) et
aéroportés (ALiDAR) augmente la quantité d'information sur la structure des canopées (Lovell et
al., 2003; Chasmer et al, 2006, Omasa et al, 2007). Toutefois, le problème d'atténuation ou
d'occlusion du signal au sein des canopées empêche de dresser un profil complet de la
distribution de matériel. À cause de cela, l'extraction des attributs de la canopée est généralement
basée sur des relations empiriques qui sont limitées aux sites particuliers.
La modélisation architecturale permet d'obtenir une simplification judicieuse à défaut de pouvoir
obtenir une représentation exacte de la structure 3D de la canopée. Les modèles d'architecture
approximent la structure 3D des couverts végétaux selon divers niveaux de groupage et peuvent
fournir une représentation réaliste à plusieurs échelles. Par exemple, une approche simplifiée
utilise le modèle de médium turbide où tout le matériel composant la canopée est dispersée au
sein d'une ou plusieurs couches horizontales infinies (Suits, 1972; Verhoef et Bunnik, 1981). Le
raffinement du détail passe par la combinaison de formes géométriques permettant de représenter
une variété de houppiers (Horn, 1971; Wang et Jarvis, 1990; Nilson et Peterson, 1991) jusqu'aux
algorithmes reproduisant l'arrangement précis des éléments fins des couverts végétaux (De
Reffye et ai, 1988; Perttunen et al, 1996; Landry et al, 1997; Prusinkiewicz, 1998; Côté, 2006).
Des progrès en infographie sur le développement de technique de modélisation efficace ont
considérablement inspirés les dernières générations de modèles d'architecture. Toutefois, parmi
les approches existantes, peu arrivent à décrire la structure de façon satisfaisante en forêts
naturelles matures à cause des nombreux facteurs entrant en Jeu dans la topologie et la géométrie
résultante de l'architecture. Les représentations architecturales par maquettes infographiques
peuvent supporter le développement ou l'amélioration des méthodes de mesure en télédétection à
condition que leurs spécifications soient ajustées adéquatement.
En télédétection, les modèles d'architecture sont utilisés principalement pour étudier le régime de
lumière au sein des canopées (Martens et al, 1991; Foumier et al, 1996), mesurer les attributs
structuraux et biophysiques (Goel, 1988; Walter et al, 2003), simuler le transfert radiatif (Chen
et Leblanc, 1997; Govaerts et Verstraete, 1998) et améliorer les connaissances sur les processus
écologiques (Granberg, 1988; Sun et Ranson, 1998). Ces applications passent par la simulation
des interactions des signaux naturels (ex. rayonnement solaire) ou artificielles (ex. radar à
synthèse d'ouverture) incidents aux canopées. De nombreux travaux de modélisation par
l'infographie ont été consacrés à simuler des scénarios crédibles en forêt à des problèmes
d'inversion en télédétection radar et optique (Castel et al, 2001, Disney et al, 2006).
Inversement, les modèles d'architecture sont souvent confrontés aux mesures de télédétection par
le biais des modèles physiques de réflectance et de rétro-diffusion. Ce lien privilégié entre les
représentations infographiques des couverts et les outils de mesures se traduit par des efforts
intégrés pour relever les limites actuelles en télédétection des couverts végétaux.
1.2. Cadre théorique
1.2.1. Modélisation de la structure du couvert végétal
L'importance relative des effets 3D dans l'interprétation des données de télédétection augmente
de manière significative lorsque la résolution spatiale atteint des distances de l'ordre des dizaines
de mètres ou plus fin (Widlowski et al, 2007). Par conséquent l'amélioration des méthodes de
cartographie en utilisant la télédétection par satellite est intimement liée à une meilleure
connaissance de l'architecture du eouvert forestier. La reconstruction précise de l'architecture en
milieu naturel comme la forêt requiert une description de l'environnement et une connaissance
fidèle de la structure des plantes. Les moyens informatiques limités, l'absence de modèles
adéquats et les limitations des approches inverses ont imposé dans un premier temps le
développement de modèles simplifiés pour représenter les mesures au moins aux échelles
grossières (couvert, houppier) des couverts végétaux. Les progrès technologiques en
informatiques et en algorithmiques ont mené aux modèles plus raffinés détaillant les éléments
fins du eouvert. Une revue plus détaillée des modèles d'arehitecture se trouve dans l'article I.
Il est parfois suffisant d'utiliser une approximation de la structure lorsque le couvert végétal est
supposé homogène. L'approche par médium turbide traite tous les éléments comme des particules
diffusantes et absorbantes distribuées au sein d'une couche horizontale infinie. Dans sa version
minimale, la structure est fréquemment caractérisée par l'indice de surface foliaire et la
distribution angulaire du feuillage (Suits, 1972; Verhoef et Bunnik, 1981). La dimension des
particules, leurs espacements ainsi que le groupage ne sont pas considérés dans la première
approximation. Le premier raffinement de détails consiste à diviser la canopée en sous-couches
où les éléments possèdent des propriétés optiques et des orientations distinctes (Ross et Nilson,
1966). Le médium turbide a mené à de nombreuses méthodes d'inversion pour estimer le régime
de lumière (Chen et Black, 1991; Andrieu et al, 1994). Toutefois, d'autres alternatives doivent
être envisagées dans le cas des couverts végétaux hétérogènes ou groupés.
Au niveau de la forêt, le groupage est observé à 3 niveaux : le houppier, la branche et la pousse.
Le premier niveau de groupage est souvent réalisé à l'aide de modèles à enveloppes géométriques
simulant le groupage au niveau des houppiers. Avec cette approche, la canopée est représentée
par des objets géométriques de formes (par ex. sphères, cônes, cylindres), dimensions et
propriétés optiques (transmittance, réflectance, absorbance) distinctes dispersés de manière
spécifique au sein du couvert (ex. Li et Strahler, 1985; Jupp et al, 1986; Nilson et Peterson,
1991; Pacala et al, 1993). Les divergences observées sur les silhouettes standard ont motivé
l'utilisation de petites collections de formes géométriques (ex. Chen et Leblane, 1997; Widlowski
et ai, 2006a) ou des polyèdres convexes (ex. Cescatti, 1997) pour ajuster le profil naturel des
houppiers. Ce type de modèles représente plus adéquatement les couverts végétaux clairsemés où
la diffusion multiple et l'ombrage mutuel des objets peuvent être négligés.
Une autre classe de modèles plus complexes décrit à la fois des couverts végétaux homogènes et
hétérogènes. La canopée est représenté par une collection de formes géométriques et les éléments
au sein des houppiers sont traités soit comme [i] des particules diffusantes et absorbantes ou [ii]
des éléments de dimensions finies (par ex. disques). Dans la première catégorie, le feuillage au
sein des houppiers est distribué aléatoirement ou non selon le profil de la distribution spatiale de
la surface foliaire (ex. Larsen et Kershaw, 1996). Des objets de dimensions finies pour modéliser
le feuillage permet de tenir compte des interactions multiples et de l'ombrage mutuel des
composantes au sein des houppiers (ex. Borel et al, 1991). Ces modèles sont plus versatiles mais
n'ont pas la capacité de modéliser les patrons spatiaux complexes de la distribution de matériel au
sein des couverts au niveau de la branche et de la pousse. Cette limitation peut seulement être
surmontée par des mesures terrains extensives ou des algorithmes spécifiques pour reproduire la
structure de la plante à ces échelles d'intérêt.
Une méthode pour mesurer l'architecture des arbres à l'échelle de la pousse a été proposée par
Sinoquet et Rivet (1997). Ces auteurs obtiennent les mesures avec un instrument de digitalisation
et décris simultanément le patron spatial des branches, les coordonnées spatiales des composantes
de la plante ainsi que le diamètre basai et le nombre de pousses. Landry et al (1997) ont
développé la méthode de vectorisation afin d'extraire l'architecture détaillée d'arbres matures en
forêts. Cette méthode reconstruit statistiquement en 3D un arbre par l'échantillonnage sélectif de
ses composantes structurales. VoxTreK {Voxel Tree with 3D Kites : Côté, 2006) est un modèle
détaillé au niveau de la branche offrant un bon compromis entre le niveau de détails et l'effort de
modélisation. Ces modèles sont toutefois contraints par la complexité de l'échantillonnage terrain
qui limite leur domaine d'applicabilité.
Plusieurs approches lient les connaissances des processus de croissance et la génétique au
développement de la structure des plantes (Mëch et Prusinkiewicz, 1996; Perttunen et al, 1996;
De Reffye et al, 1997). Ces représentations sont utilisées pour détailler les couverts végétaux en
réponses aux facteurs environnementaux, comme le climat ou la disponibilité en eau et
nutriments, et la gestion des écosystèmes (Kurth et Sloboda, 1997; De Reffye et al, 1998).
LIGNUM (Perttunen et al, 1996) traite un arbre comme une collection d'un grand nombre
d'unités simples qui correspondent aux organes de l'arbre. Un autre exemple, AMAP (botAnique
et bioinforMatique de l'Architecture des Plantes-, De Reffye, 1988) modélise la croissance des
plantes jusqu'à un certain âge utilisant des probabilités associées à la mortalité, aux pauses dans
le développement, à la ramification et la réitération des pousses. Les grammaires de croissance
servent aussi de cadre formel pour représenter et encoder l'architecture des plantes et simulent
leur développement à l'aide de règles de production appliquées aux segments de pousse. Les
systèmes de Lindenmayer (Lindenmayer, 1968), ou L-Systèmes, encodent la structure
topologique des plantes par des chaînes de symboles. Le développement subséquent des
formalismes des L-Systèmes paramétriques (Prusinkiewicz et Lindenmayer, 1990), sensibles à
l'environnement (Prusinkiewicz et al, 1994) ou ouverts (Méch et Prusinkiewicz, 1996) ont
augmenté la complexité des structures modélisées et des interactions entre la plante et son
environnement.
La mise en place de simulations réalistes des couverts végétaux se fait par le choix de
représentations adaptées à l'interprétation des images de télédétection. Un prérequis minimal
consiste à avoir une représentation architecturale au moins à la même échelle que l'unité spatiale
d'échantillonnage. Il est aussi important de lier les interactions entre le rayonnement incident et la
structure des couverts végétaux. Les images dans le domaine optique sont davantage limitées par
la résolution spatiale du capteur que par la longueur d'onde du signal d'incident. Par contre, la
longueur d'onde du rayonnement incident doit être considérée dans le traitement des images des
systèmes radars actifs qui ont des empreintes de l'ordre de 30-100 cm (bande P) ou 5-6 cm
(bande C). Dans le cas des images optique ou radar, la présence des éléments structuraux plus
fins que la longueur d'onde du rayonnement incident ou la résolution du pixel peut influencer la
réflectivité résultante (Myneni, 1991; Chen et Leblanc, 1997; Govaerts et Verstraete, 1998).
Détailler l'architecture des arbres en forêt doit tenir compte de : (i) une forte variabilité spatiale et
temporelle à toutes les échelles d'organisation, (ii) une grande quantité de mesures requises pour
représenter convenablement la géométrie et les propriétés physiques, géochimiques, et
physiologiques ainsi que (iii) des contraintes pratiques de mesure d'arbres matures dans une forêt
naturelle (Foumier et al, 1997). Parmi un gradient des modèles architecturaux disponibles, le
choix judicieux pour faire le lien avec les données de télédétection implique un compromis entre
des simplifications pratiques mais adaptées et des descriptifs complexes mais plus réalistes.
L'article I illustre bien à l'aide d'un exercice complet la complexité d'implantation d'un modèle
d'architecture mais aussi du potentiel de la modélisation architecturale à soutenir les méthodes de
mesure par télédétection au travers de l'élaboration, l'évaluation et l'application à la photographie
hémisphériques du modèle VoxTreK cité plus haut.
1.2.2. Infographie pour la télédétection des couverts végétaux
Plus la résolution spatiale des capteurs utilisés en télédétection est fine, plus ces observations sont
dépendantes de la structure de la canopée, et plus les modèles d'interprétation de ces données
doivent en tenir compte (Widlowski et ai, 2005). Un ensemble détaillé de données
architecturales peut-être difficile à obtenir dû au grand nombre de mesures requises et aux
contraintes d'accès sur le terrain. Il est possible de diminuer la quantité de mesures requises
lorsque l'on cible précisément ce qu'il faut caractériser dans la structure du couvert végétal. La
structure du couvert est généralement décrite par quelques variables clés comme la surface
foliaire et la fonction représentative de la distribution d'inclinaison des feuilles. Or, ces variables
ne tiennent pas compte des composantes de bois comme le tronc et les branches présentes au sein
du couvert, composantes d'ailleurs beaucoup plus permanentes que le feuillage. Il ne faut donc
pas considérer ces deux paramètres comme étant les plus importants pour décrire la structure des
couverts, mais plutôt les inclure comme des éléments faisant partie de l'ensemble des variables
structurelles. Somme toute, une estimation précise de ces variables demeure essentielle afin de
lier la composition spatiale et la structure des habitats forestiers observées par télédétection aux
processus biophysiques. Les mesures et la cartographie de la structure du couvert forestier se font
traditionnellement à partir de photographies aériennes et d'échantillonnages au sol. Les mesures
indirectes par télédétection de la structure du couvert forestier sont, au fil des ans, devenues un
complément aux données traditionnelles d'inventaire. Le principal désavantage des mesures
d'inventaire forestier traditionnelles est que leur pratique varie d'un pays à l'autre ce qui entraîne
des incertitudes. Une couverture terrain significative et simultanée est souvent impensable et on
se retrouve avec des séries de données temporelles discontinues. En complément, les mesures
indirectes par télédétection, appuyées par les mesures traditionnelles in situ, permettent d'étendre
8les observations à des territoires plus vastes et difficiles d'accès et le suivi de la couverture
végétale sur une base régulière. Par contre, ces mesures indirectes ne sont pas nécessairement
intégrées aux procédures opérationnelles d'inventaires forestiers. Dans l'avenir, elles pourraient
réduire quelques difficultés reliées à la prise de mesures traditionnelles, lesquelles se font sentir
immédiatement au niveau des coûts et du temps d'opération.
Mesurer les attributs de la végétation par télédétection nécessite une connaissance a priori sur les
propriétés spectrales et structurelles de la couverture végétale qui influencent le signal mesuré par
le capteur. Les informations structurelles peuvent souvent être déduites par les capteurs
satellitaires optiques à moyenne et haute résolution spatiale (ex. Hyyppa et al, 2000). Les
mesures multi-angulaires sont plus sensibles à la structure de la végétation (ex. Pinty et al., 2002)
mais les instruments actuels à moyenne résolution spatiale (MISR, par exemple) ne sont pas bien
adaptés à la mesure à l'échelle fine de la structure du couvert forestier. Les observations par
satellites à très haute résolution spatiale sont utilisées lorsqu'il y a un besoin à traiter la variabilité
locale (ex. Wulder et al., 2004). Le ALiDAR s'est avérée être très efficace à l'évaluation de
paramètres de peuplement (ex. Hyyppa et al., 2008). Cependant, tous ces outils de télédétection
sont encore limités par la capacité à répondre à la complexité de la plupart des écosystèmes
forestiers.
1.2.2.1. L'inversion des modèles physiques en télédétection optique et micro-onde
Les interactions du rayonnement incident sur la canopée sont modélisées pour mieux comprendre
l'influence des éléments de structure sur le signal mesuré par les capteurs et permettre
l'extraction de variables d'intérêts avec les données de télédétection (ex. Goel, 1988; Myneni et
al, 1989). Pour un certain nombre de modèles, la nature de l'interaction entre le rayonnement et
le médium est décrite en termes de propriétés statistiques comme la fonction de phase ou l'albédo
de diffusion simple. Dans le domaine optique, la diffusion est principalement contrôlée par les
propriétés spectrales de réflectance, de transmittance et d'absorbance de tout le matériel du
couvert, particulièrement le matériel foliaire. La variation angulaire du rayonnement diffusé est
contrôlée par la structure 3D des objets dans la canopée. Dans le domaine des micro-ondes (k ~
0.1-50 cm), la diffusion est contrôlée par (i) la dimension et l'orientation des objets de
dimensions linéaires » X dans le eouvert et (il) la rugosité du sol où l'absorption est dominée par
le contenu en eau. À cause de cette différence, les processus de diffusion au sein des modèles de
transferts radiatifs (TR) ont été développés séparément et les techniques d'inversion ont été
appliquées indépendamment (Ranson et ai, 1997). Quatre attributs principaux doivent être décris
avec soin pour quantifier le régime radiatif (Ross, 1981): [1] l'architecture des plantes
individuelles et de la canopée entière, [2] les propriétés optiques des éléments de végétation
résultantes des conditions physiologiques (contenu en eau, concentration pigmentaire), [3] les
propriétés de réflectivité du sol sous la canopée et [4] les conditions atmosphériques. Négligeant
les éléments non-foliaires de la canopée, les deux premiers attributs sont décrits à partir de la
densité de surface foliaire par volume de canopée, la distribution de l'orientation des feuilles ainsi
que la fonction de phase de diffusion pour les feuilles. Les techniques d'inversion impliquent
généralement le pré-ealcul du rayonnement réfléchi pour un ensemble de structures du couvert
végétal, de conditions d'illumination et de géométries d'observation. Il en découle des tables de
conversion qui peuvent être consultées pour lier les conditions observées avec les variables
d'influence sur les réponses radiométriques des couverts végétaux (Verstraete et Pinty, 2000).
Ces approches permettent de réduire le nombre de solutions possibles à l'inversion mais
requièrent une description adéquate sur la structure des couverts végétaux autant que leurs
évolutions temporelles.
La description des interactions entre le rayonnement incident et la canopée s'avère complexe à
spécifier lorsque l'on détaille l'hétérogénéité spatiale du milieu et des simplifications de la
structure doivent être considérées. La stratégie utilisée dans les modèles ID consiste à simuler la
variabilité spatiale 3D interne des couverts végétaux à l'aide de variables d'état clés (par ex.
indice de surface foliaire) transposables dans un cadre ID où seule la variation spatiale verticale
du couvert est considérée (Myneni et al, 1989; Pinty et al, 2006). Les modèles 3D permettent de
simuler les processus de transfert radiatif dont l'absorption et les diffusions multiples au sein de
couverts allant d'une structure générale de type géométrique (Kimes, 1991) jusqu'à la structure
fine ayant un grand niveau de détails (Govaerts et Verstraete, 1998; Disney et ai, 2006). Ici, une
simplification judicieuse consiste à utiliser les approches géométriques dans le cas où la longueur
d'onde du champ électromagnétique est très petite en comparaison avec la dimension des objets
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(Goel, 1988). Les considérations de formes sont cruciales pour les calculs des interactions et la
stratégie utilisée est alors déterminée par la représentation des éléments du couvert.
Pour des représentations de couverts arbitrairement complexes, les modèles 3D plus détaillés sont
souvent formés d'une collection de formes géométriques 3D dotées de propriétés optiques
connues où des techniques de Monte Carlo et d'infographie, comme le tracé de rayons et la
radiosité, servent à simuler le régime de transfert radiatif au sein des couverts végétaux (Ross et
Marshak, 1988; Goel et ai, 1991; Borel et al, 1991; Govaerts et Verstraete, 1998). Les modèles
3D ont été employé pour comprendre les interactions du signal avec l'environnement terrestre et
extraire les variables d'états d'intérêt (Pinty et Verstraete, 1991; Goel et Thompsons, 2000;
Kimes et ai, 2000). La simulation réaliste de la réflectance directionnelle dans le domaine
optique pour les couverts végétaux est intimement liée à la capacité de décrire fidèlement la
structure de la végétation. Ainsi, l'incapacité de résoudre analytiquement les équations du
transfert radiatif pour les couverts végétaux à l'échelle de la pousse transpose le problème à la
description des scènes 3D de scénarios réalistes.
La télédétection radar dans les longueurs d'onde des micro-ondes, centimétriques et
décimétriques, permet de sonder l'intérieur du couvert végétal et est sensible au contenu en eau et
à la géométrie de la cible. Cependant, l'extraction des attributs des milieux végétaux est
généralement basée sur des relations empiriques qui sont très limitées. L'interprétation des
données est complexe et dépend de la compréhension des processus de rétro-diffusion et de
l'importance relative des différents mécanismes physiques qui y contribuent. La connaissance des
mécanismes d'interaction entre les micro-ondes et les couverts végétaux passe par les modèles
théoriques de rétro-diffusion (Lang et ai, 1994; Sun et Ranson, 1995). Les méthodes d'inversion
sont également limitées par la difficulté d'obtenir des descriptions réalistes des couverts
végétaux. L'hétérogénéité verticale de la structure au niveau du houppier doit être tenue en
compte dans les modèles de rétro-diffusion (Castel et al, 2001) et les études récentes ont mis
l'accent sur une représentation fine des couverts végétaux par l'entremise de modèles
infographiques détaillés (Picard, 2002; Disney et al, 2006).
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1.2.2.2. L'émergence de la technologie LiDAR
Le LiDAR est une technologie active de télédétection qui détermine les distances d selon
J = ct/2, oii c est la vitesse de la lumière et t est le temps requis pour le faisceau laser d'atteindre
un objet cible et de retourner au capteur. L'intervalle de temps est mesuré soit par (i) le temps que
met une pulsation laser pour atteindre la cible ou (il) le changement de phase dans un signal
sinusoïdal transmit produit par une forme d'onde complète qui est converti en durée de parcours
(Wehr et Lohr, 1999). Les systèmes ALiDAR à retour discret enregistrent un, deux (ex. premier
et dernier) ou quelques retours à chaque pulsation, avec une empreinte au sol de 0.2 à 0.9 mètre.
Les systèmes à forme d'onde complète enregistrent la quantité d'énergie retournée au capteur
pour une série d'intervalles temporels, avec une empreinte au sol de 8 à 70 mètres (Means et ai,
1999; Harding et al, 2000). Les systèmes ALiDAR permettent d'étudier à des échelles fines les
patrons spatiaux et l'hétérogénéité de la structure (Frazer et al, 2005) et d'estimer les propriétés
structurelles des couverts végétaux (Lefsky et al, 2002; Lim et al, 2003; Omasa et al, 2007;
Hyyppâ et al, 2008). L'utilisation simultanée des données ALiDAR et d'autres capteurs sont
envisagées pour extraire les earactéristiques des couverts végétaux (Hudak et al 2002; St-Onge
et al, 2004; Hyyppâ et al, 2005). L'exploitation de deux sources indépendantes, ALiDAR et
spectrométriques, peut permettre une extraction des attributs par inversion avec un modèle de
transfert radiatif ainsi qu'une caractérisation du couvert. Les variables extraites incluent le
contenu biochimique du feuillage aussi bien que la structure horizontale et verticale du couvert
(Koetz et al, 2007). La simulation des scènes ALiDAR requiert néanmoins une modélisation de
la structure de la canopée par maquette infographique dans l'application des techniques
d'inversion (Sun et Ranson, 2000; Brown et al, 2005; Koetz et al, 2007; Morsdorf et al, 2009).
La capacité limitée du ALiDAR à sonder les couverts végétaux peut entraîner des erreurs
importantes dans l'estimations des paramètres structuraux et a incité la prise de mesures
complémentaires avec des systèmes terrestres (Chasmer et al, 2006). Depuis peu, les TLiDAR
sont utilisés pour recueillir de l'information 3D sur la structure d'arbres individuels ou de
peuplements forestiers jusqu'à une échelle du centimètre. Le TLiDAR est utilisé pour estimer les
données dendrométriques (Hopkinson et al, 2004) et le profil de la densité de surface foliaire
(Hosoi et Omasa, 2006) d'arbres individuels en forêt. Les pulsations lasers des systèmes ALiDAR
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interceptent surtout le dessus des couverts avec peu de retours provenant de l'intérieur et du sous-
bois. Dans le cas des systèmes terrestres les retours proviennent surtout du sous-bois, des tiges et
de la partie basse du couvert, avec peu de retours du dessus du couvert (Chasmer et al., 2004).
Similairement aux systèmes aéroportés, l'information du TLiDAR sur la structure du couvert
décroît à mesure que l'effet d'ombrage causé par la présence de matériel dans le champ de vision
de l'appareil augmente. Ainsi, la capacité limitée de sonder les canopées empêche de dresser un
profil complet de la distribution de matériel. L'identification du feuillage versus bois est aussi une
question complexe toujours non résolue. Le TLiDAR s'avère prometteur dans l'estimation des
attributs des couverts végétaux, mais les techniques de prises de mesure et d'identification des
caractéristiques structurelles des couverts sont relativement nouvelles et demande à être mieux
validées. Néanmoins, des efforts ont été menés pour extraire la structure d'arbres individuels à
partir de balayages, ou scans, TLiDAR par modèles infographiques (Pfeifer et al, 2004; Cheng et
ai, 2007; Xu et ai, 2007). Or, ces modèles sont dépendants de la qualité des données TLiDAR.
Une technique robuste et efficace de reconstruction architecturale reste donc à développer à partir
de scans TLiDAR pour des milieux naturels hétérogènes.
1.3. Objectifs et hypothèses
L'objectif général de ce projet de doctorat est de développer un modèle d'architecture des
couverts végétaux, appelé L-Architect {Lidar data to végétation Architecture), axé sur la capacité
de documenter des sites forestiers et de tirer de l'information sur la structure des canopées à partir
d'outils de télédétection. L'échelle de représentation des composantes de la canopée est au niveau
de la pousse. Nous croyons qu'une modélisation statique qui détaille la structure de la canopée à
l'échelle de la pousse procurera une contribution significative pour améliorer la capacité de
caractériser les attributs des couverts végétaux à partir d'outils de télédétection. Afin de
rencontrer notre objectif principal, nous suggérons de lier plus spécifiquement la modélisation de
l'architecture avec les données d'un TLiDAR. Nous proposons trois objectifs spécifiques pour
démontrer l'utilité de ce modèle d'architecture en télédétection :
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I. Reconstruire l'architecture d'arbres individuels de conifères à partir de mesures
TLiDAR : Cette étape consiste au développement et la validation d'une méthodologie
robuste pour modéliser l'architecture tridimensionnelle d'arbres individuels, c'est-à-dire
L-Architect. L'hypothèse est qu'une modélisation utilisant les nuages de points TLiDAR
robuste aux artefacts induits par l'occlusion et le vent permettra une reconstruction détaillée
et fidèle de la structure observée dans les environnements forestiers naturels. Une
évaluation quantitative consiste tout d'abord à vérifier la cohérence structurelle des arbres
modélisés. Ensuite, l'inclusion des modèles d'arbres dans un modèle de transfert radiatif 3D
permet d'évaluer sa cohérence sur le plan radiatif. Cet objectif spécifique fait partie
intégrante et constitue l'essentiel du contenu détaillé dans l'article II.
II. Estimer les attributs structuraux à partir de mesures TLiDAR et l'utilisation de
L-Architect : Cette étape permet un lien explicite entre les mesures de distance du TLiDAR
et les attributs structuraux d'arbres individuels. La méthodologie repose sur l'utilisation de
mesures TLiDAR et des relations allométriques pour reconstruire de façon quasi-
automatique la structure 3D d'arbres individuels à partir d'un algorithme d'optimisation qui
agit sur l'espace des paramètres du modèle d'architecture. Nous estimons qu'un processus
d'optimisation appuiera l'utilisateur dans l'ajustement des paramètres du modèle et
consolidera la capacité de L-Architect à extraire et caractériser la structure d'arbre
individuel à partir de scans TLiDAR. Une évaluation quantitative est faite par la
comparaison des profils verticaux de la densité de matériel tirés des mesures TLiDAR. Cet
objectif spécifique fait partie intégrante et constitue l'essentiel du contenu détaillé dans
l'article III.
ITT. Modéliser l'architecture des couverts forestiers pour améliorer la caractérisation
verticale et horizontale de la structure avec des données ALiDAR: Les systèmes
ALiDAR ont montré de bonnes capacités pour la cartographie d'attributs forestiers.
L'architecture des couverts forestiers pour des sites de conifères est simulée à l'aide d'un
catalogue de scans TLiDAR d'arbres individuels et de L-Architect. Ici, l'hypothèse stipule
que la reconstruction de la canopée par L-Architect permettra de relever les faiblesses des
systèmes LiDAR à caractériser et dresser les profils complets de variables structurelles clés
dues aux contraintes physiques sur la capacité à sonder le milieu forestier et la résolution
spectrales et radiométriques limitées des systèmes actuels. Le potentiel de L-Architect à
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reproduire la structure des couverts forestiers est évalué sur la comparaison des profils
spatiaux de densité de matériel à partir des mesures TLiDAR ainsi que sur des mesures
d'inventaire. De cet exercice, une méthode novatrice est introduite pour quantifier
spatialement les attributs structuraux en appui aux données ALiDAR. Cet objectif
spécifique fait partie intégrante et constitue l'essentiel du contenu détaillé dans l'article IV.
Les trois objectifs spécifiques ont été conçus pour permettre une inclusion graduelle du modèle
original d'architecture comme appui aux mesures de télédétection. Chacun des trois objectifs
spécifiques apporte une évaluation graduellement plus complète du modèle d'architecture en se
concentrant d'abord aux arbres individuels, puis en élargissant son applicabilité aux couverts
forestiers.
1.4. Matériel et méthode
Le diagramme à la figure 1-1 illustre les détails méthodologiques de l'approche de modélisation
proposée dans la thèse. Le schéma illustre la démarche globale pour arriver à reproduire le
couvert végétal de peuplement en forêt. Ainsi, certains éléments de validation et d'évaluation du
modèle à des étapes intermédiaires ne sont pas montrés pour ne pas surchargé le schéma mais
sont expliquées dans les sections subséquentes (§1.4.2 à §1.4.5). Ces sections traitent plus en
profondeur de l'acquisition des données ainsi que du développement du modèle d'architecture
L-Architect illustré dans le diagramme.
15
I  ACQUISITION DES DONNÉES
Acquisition des
balayages TLiDAR
Post-traitement et alignement
Nuage de point aligné
(arbre individuel)
Segmentation
utilisant l'Intensité
Points (x,y,z) de
matériel ligneux
Squelettlsatlon
Points (x,y,z) de
matériel foliaire
Courbes
squeiettiques
(tronc et brancties
principales)
Utilisé comme
ensemble
d'attracteurs
Il GÉNÉRATION D'UN MODÈLE D'ARBRE
Croissance des
branches \
structure de feuillage
(pousse ou feuille)
Structure de
branches
Ajoute aux extrémités
des branches
Modèle de
transmission de
lumière
Distribue le feuillage
au sein de la couronne
III PARAMÉTRISATION DU MODÈLE
Génération d'un modèle d'arbre (voir II)
Fonction « objectif »
Mise*à-jour des,
paramètres,
Calcule l'erreur sur les
contraintes externes!
MCS
Problème d optimisation
NON
Erreur acceptable ?
OUI
Modèle d'arbre final
IV SIMULATION DE COUVERTS FORESTIERS
Catalogue d'ensemble de courbes squeiettiques et
de points de matériel foliaire (attracteurs)
Inventaire:
- Position (x, y, z)
- Espèce
-DHP
- Hauteur, dimensions
Utilisé pour
caractériser les
couronnes Individuels
Choix parmi le catalogue
- Mise à l'échelle
Contraintes:
- Surface foliaire
f(DHP, espèce)
-DHP
Utilisé pour
paramétriser le
modèle
Répéter pour chaque
arbre de la placette
Création d'un modèle d'arbre (voir ill)
T
CCréation d
- Positii
e cartes 3D d'attributs forestiers
sitionnement des modèles d'arbre
Figure 1-1 : Diagramme méthodologique.
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1.4.1. Mesures LiDAR et inventaire
Deux sites d'évaluation ont été utilisés pour développer et évaluer le modèle d'architecture. Le
premier site expérimental à Malhahat et Shawnigan (10-15 km ouest de Victoria, Canada) est
caractérisé par une végétation mature propre aux forêts de conifères de la côte sud-ouest du
Canada et du nord-ouest des États-Unis (British Colombia Ministry of Forests, 1991). Les
espèces de conifères présentes sur ce site comprenaient principalement le sapin Douglas
{Pseudotsuga menziesU), le cèdre rouge de l'ouest {Thuja plicata), la pruche de l'ouest {Tsuga
y  • 2heterophylla) et le pin Lodgepole {Pinus conforta). Un îlot de rétention et des arbres individuels
ont été conservés et dégagés par l'industrie forestière pour la régénération. Quatre arbres
individuels ont été balayés avec le TLiDAR ; 1 sapin douglas, 1 cèdre rouge de l'ouest et 2
prucbes de l'ouest. Les scans ainsi que les mesures de positionnement géoréférencées et des
hauteurs pour les arbres individuels ont été faits du 22 au 24 septembre 2005. Ultérieurement, un
pin Lodgepole bien échantillonné par les scans TLiDAR a été identifié et extrait à la frontière du
nuage de points de l'îlot de rétention pour enrichir les échantillons des espèces dominantes. Le
deuxième site d'évaluation à Bois des Roussettes (Aix-en-Provence, France) était peuplé
principalement de pins d'Alep (Pinus halepensis). Un total de 17 pins d'Alep ont été balayés par
TLiDAR: 6 jeunes et 11 matures appartenant aux classes hiérarchiques de dominant, co-dominant
et intermédiaire. Les scans ainsi que les mesures de positionnement géoréférencées, des
diamètres à hauteur de poitrine (DHP) et des hauteurs sur les arbres individuels ont été faits du 5
au 12 octobre 2007.
Le TLiDAR Ilris-3D de la compagnie Optech (www.optech.ca) a été utilisé pour effectuer les
scans d'arbres individuels. Le tableau 1-1 résume ses caractéristiques techniques . Ce système
opère à 1500 nm avec un champ de vision de 40°x 40°. L'appareil est positionné autour de
l'arbre pour recueillir le maximum d'information sur sa constitution et diminuer le niveau
d'obstruction entre les différentes composantes de la végétation. Le nombre de points de vue
dépend de la dimension et de la complexité de l'objet. Nous avons opté de balayer chacun des
arbres selon 3 points de vue dégagés, sauf pour le sapin Douglas qui en a 5, en tentant de
^ Pratique en foresterie où est conservé un petit pourcentage (-10%) d'arbres matures isolés ou de petits îlots à la
suite d'une exploitation forestière.
^ Les renseignements ont été obtenus de http://www.optech.ca/i3dtecboverview-iIris.htm.
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maximiser la zone couverte et de recouvrement. Si on normalise les valeurs à 15 m, les arbres de
Malahat et Shawnigan ont été balayé avec une densité de faisceau moyenne de 3mm, et de
4.7nim pour les pins d'Alep de Bois des Roussettes. L'îlot de rétention sur Malahat était
composée de 279 arbres avec 215 sapins Douglas, 2 cèdres de l'ouest, 11 pruches de l'ouest, 47
pin Lodgepole et 4 aulne rouge (Alnus rubra). Le mode d'acquisition du premier retour a été
sélectionné pour tous les arbres individuels. L'îlot de rétention a été balayé de 5 points de vue
avec le premier retour et 4 points de vue avec le dernier retour. Les alignements des différents
points de vue individuels ont tous été produits à l'aide du logiciel Pointstream SDImageSuite
(www.arius3d.com/pointstream/). Les algorithmes d'alignement de nuages de points se basent
sur la similitude entre les différents scans.
Deux vols LiDAR aéroportés ont eu lieu sur le site de Malahat et Shawnigan en 2001 et 2006. Le
mode d'acquisition pour les deux vols était le premier et dernier retour. Les caractéristiques des
vols sont données dans le tableau 5-2 de l'article IV. L'inventaire du site d'évaluation de Malahat
a été effectué indépendamment et préalablement aux scans TLiDAR. Les variables d'inventaire
comprenaient pour tous les arbres : la position, l'espèce, le DHP, la hauteur du houppier, la
biomasse aérienne, le volume total ainsi que le volume marchand.
Distance de balayage dynamique
3 m - 1500 m à une cible 80% réfléchissante
3 m - 800 m à une cible 20% réfléchissante
3 m - 350 m à une cible 4% réfléchissante
Mode d'acquisition Premier et dernier retour
Taux d'échantillonnage 2500 points par seconde
Divergence du faisceau 0.00974°
Espacement minimal entre les faisceaux
(axes X et Y)
0.00115°
Précision sur la distance 7 mm à 100 m
Précision sur la position 8 mm à 100 m
Longueur d'onde du laser 1500 nm
Champs de vue 40° X 40°
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1.4.2. Développement du modèle d'architecture L-Architect
Cette section décrit dans les grandes lignes le développement du modèle. La (le) lectrice (lecteur)
est référé(e) à l'article II et en particulier l'article lU. La conversion de nuages de points alignés
en architecture 3D cohérente d'arbres individuels s'est faite par la reconstruction de la structure
de branches et l'addition successive de feuillage. La reconstruction fidèle en 3D de l'architecture
d'arbres basé sur l'utilisation des données TLiDAR a demandé le développement d'une approche
de modélisation unique à partir de techniques empruntées entre autre à la synthèse d'images
infographiques et la bioinformatique. L'existence et la position des différentes composantes de la
végétation appartenant aux arbres étaient identifiées par les données du TLiDAR Ilris-3D
d'Optech. La structure de branches a été extraite des données du TLiDAR avec un algorithme de
squelettisation (Verroust et Lazarus, 2000) et d'une méthode procédurale de génération d'arbres
(Runions et al, 2007). Le feuillage a été ensuite ajouté à l'aide d'une grammaire de croissance
L-Système en fonction du positionnement des éléments pour l'accès à la lumière (Mëch et
Prusinkiewicz, 1996).
À la longueur d'onde d'opération du TLiDAR (1500 nm), le feuillage apparaît plus foncé que le
bois dû (i) aux propriétés spectrales des éléments qui diffèrent et (ii) aux surfaces de bois qui
possèdent généralement une plus grande surface de contact que le feuillage qui ne réfléchit pas
toute l'énergie de l'impulsion laser. Ainsi, l'ensemble des points N a été segmenté à partir de
valeurs seuils pour séparer grossièrement le bois du feuillage en sous-ensembles Nb et Nf
respectivement, où A 3 iV;, U n La partie du signal réfléchi des composantes de bois Nb servait
d'intrant à un algorithme d'extraction de courbes squelettiques (Verroust et Lazarus, 2000). A
partir d'un ensemble de points 3D, l'algorithme fournissait un ensemble de courbes structurées
sous forme d'arbre. Il en résultait un squelette de base composé du tronc et de quelques branches
principales. Ce squelette constitué d'un ensemble de nœuds ainsi qu'un sous-ensemble de
points A c Nf, les points attracteurs, était intrant à l'algorithme de colonisation (Runions et al,
2007). Les attracteurs signalaient la disponibilité d'espace libre pour la croissance de la
branchaison et étaient enlevés lorsqu'ils sont rejoints par une branche. La structure de branches
était formée selon un processus itératif à partir d'un ensemble d'attracteurs. À chaque itération,
de nouveaux segments de branches augmentaient la structure de branches dans la direction des
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attracteurs à proximité. Le processus se terminait lorsque tous les attracteurs avaient été enlevés
(rejoints par des branches à proximité) et nous obtenions la structure de branchaison qui
supportait l'ajout du feuillage.
La branchaison était ensuite traduite en format compatible aux grammaires de croissance
L-Systèmes, qui servait à encoder l'architecture de l'arbre, et devenait intrant à titre d'état initial
des développements subséquents (voir Annexe, §A1). Le L-Système utilisé dans ce projet
consistait en deux ensembles de règle de production. La première supposait que tous les segments
aux extrémités de la branchaison supportaient du feuillage. Cette supposition s'appuyait par
l'utilisation de points attracteurs appartenant à la végétation qui conditionnaient le déroulement et
l'arrêt de la croissance de la structure de branche. La structure de feuillage modélisée s'inspirait
du modèle de Smolander et Stenberg (2003) à partir duquel nous avons crée un modèle générique
de pousse pour les 4 essences de Malahat et Shawnigan et un autre modèle plus adapté au pin
d'Alep. Le second ensemble de règles de production ajoutait itérativement du feuillage (ex.
pousses de conifères) en fonction de l'accès à la lumière. Pour ce faire, un modèle de
transmission de la lumière calculait le nombre de trouées visibles d'une certaine position en
fonction de l'occlusion des autres éléments présents au sein de la couronne d'arbre. Des sources
lumineuses étaient positionnées sur un plan horizontal situé au-dessus de la couronne. Des rayons
étaient lancés à partir de chaque position des segments de l'arbre dans les directions des sources
lumineuses. Pour tous les rayons, la probabilité de trouées était calculée selon une relation
équivalente à la loi de Beer-Lambert assumant une distribution sphérique de l'angle d'inclinaison
des feuilles. Du feuillage était ajouté à la position du segment si un certain nombre de trouées
étaient vues de la position du segment. À la fin des dérivations, un arbre modélisé 3D était crée
correspondant à une approximation réaliste et finement détaillée de la structure 3D mesurée par le
TLiDAR.
1.4.3. Reproduction structurelle d'arbres individuels
La validation quantitative des caractéristiques structurelles et radiative des modèles d'arbre
construits avec L-Architect n'était pas triviale. Pour le faire correctement, il aurait fallu recueillir
une grande quantité de données terrains sur la géométrie de l'arbre et de ses propriétés spectrales.
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Aussi, quelques paramètres structuraux d'intérêt auraient été difficiles (ex. profil vertical de la
surface foliaire) voire impossibles (ex. distribution angulaire des feuilles) à mesurer précisément.
De plus, l'incertitude associée à la mesure (ex. mesures spectrales directionnelles) compromettait
une comparaison concluante. Ainsi, pour la validation rigoureuse de L-Architect sur le plan
structurel et radiatif, nous avons décidé d'évaluer la fidélité du modèle d'architecture dans un
environnement virtuel. Nous avons développé une nouvelle approche pour produire un modèle
d'arbre seconde génération en utilisant le logiciel de tracé de rayons PBRT (Pharr et Humphreys,
2004) qui simulait les mesures TLiDAR, mais sur un modèle d'arbre référence (virtuel). Au
final, les mêmes procédures étaient appliquées pour produire un nouveau modèle d'arbre virtuel
seconde génération. De cette façon, les propriétés structurelles et radiatives pouvaient être
comparées sans équivoque avec le modèle référence. Dans cette étude, la paramétrisation du
modèle L-Architect pour reconstruire la structure de branche 3D s'est faite par une comparaison
visuelle seulement entre les modèles seconde génération et les modèles référence. La quantité de
feuillage ajoutée dans l'arbre était déterminée selon deux façons : (1) le nombre de pousses était
choisie de façon à minimiser la différence visuelle entre le modèle seconde génération et le
modèle référence [étiquetée VIS], ou (2) le nombre de pousses du modèle seconde génération
était fixé au même qu'à celui du modèle référence [étiquetée FIX]. Ainsi, la première façon
supposait qu'aucune information externe n'était disponible tandis que la deuxième supposait que
le nombre d'éléments foliaires dans la couronne pouvait être estimé par exemple à partir de
relations allométriques. La méthodologie proposée permettait ainsi (i) une comparaison détaillée
des attributs structuraux du modèle seconde génération et référence, et (ii) l'impact des
différences mesurées sur les propriétés de réflectance de couverts forestiers. Le modèle par tracé
de rayons Monte Carlo 3D Rayspread (Widlowski et al, 2006b) a été utilisé pour simuler les
facteurs de réflectance bidirectionnelle {bidirectional réflectance factors, BRF) pour 250
scénarios différents incluant une variété de densité de forêts, bandes spectrales et de conditions
d'illumination. Parmi ces scénarios, 100 arbres choisis aléatoirement parmi les 4 espèces
disponibles ont été disposés sur une placette d'un hectare (figure 6). Trois placettes identiques ont
été crées à partir des modèles référence ainsi que seconde génération VIS et FIX respectivement.
Cette méthodologie est détaillée dans l'article II.
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1.4.4. Extraction des attributs structuraux par optimisation
Le modèle L-Architect a été développé pour générer des structures d'arbres plausibles à partir de
mesures TLiDAR même si les conditions d'acquisition sont difficiles : ex. la présence de vents
ou le problème d'occlusion. La principale difficulté d'utiliser L-Architect résidait dans sa
paramétrisation puisque différentes structures d'arbre pouvaient être générées à partir du même
ensemble de données intrant en modifiant les paramètres du modèle. De plus, l'effet combiné des
différents paramètres sur la structure finale était difficile à prédire. Un mécanisme était donc
nécessaire pour lier les mesures TLiDAR et les paramètres de L-Architect en information utile sur
les attributs structuraux. Pour y arriver, une source externe d'information était cruciale pour
parvenir à recréer une structure d'arbre réaliste avec une description fidèle de la quantité et de la
distribution du matériel foliaire et ligneux. Nous avons utilisé des relations allométriques liant le
diamètre à hauteur de poitrine (DHP) à la quantité de surface foliaire afin de calibrer le modèle
L-Architect. L'algorithme d'optimisation MCS {Global Optimization by Multilevel Coordinate
Search : Huyer et Neumaier, 1999) a été employé pour chercher dans l'espace des paramètres de
L-Architect une solution approximée au problème de reconstruction de la structure en fonction
des contraintes données.
Dans notre cas, MCS recherchait une solution minimisant une fonction dite « objectif» qui était
définie comme étant la somme pondérée des différences entre les données provenant de mesures
in situ et simulées sur (i) le DHP, (ii) la surface foliaire totale et (iii) la distribution spatiale de
matériel. Ce dernier élément a demandé l'amélioration d'une technique permettant de calculer un
indice de densité à partir des mesures TLiDAR. Initialement développé par Durrieu et al. (2008),
la technique permet de lier le nombre de retours laser au sein d'un élément de volume à la densité
de surface de matériel. Or, la représentation spatiale sphérique des éléments de volume rendait
impraticable l'utilisation de différents scans alignés. Ce problème a nécessité le raffinement de la
méthode pour calculer l'indice de densité d'éléments de volume cubiques bien adaptés pour être
utilisés dans un repère global aux différents scans d'un même objet (arbre). Les trois éléments de
contrainte énoncés ci-haut ont été choisis afin d'avoir un impact sur tous les paramètres de
L-Architect et minimiser les déviations sur les données externes disponibles. Nous avons montré
la capacité de cette méthodologie à partir de 5 arbres : un sapin Douglas, un cèdre rouge de
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l'ouest, un pin d'Alep et deux pruches de l'ouest. Nous avons comparé les attributs structuraux
sur chacun des arbres ainsi que les profils verticaux de la distribution de matériel par le biais de
l'indice de densité. La simulation des mesures TLiDAR s'est faite en utilisant le logiciel de
tracés de rayons PBRT et en recréant les mêmes conditions de mesures in situ sur les modèles
d'arbres. Cette méthodologie est détaillée dans l'article III.
1.4.5. Modélisation architecturale de couverts forestiers
Jusqu'à maintenant, L-Architect était utilisé seulement pour l'étude d'arbres individuels. Nous
avons proposé d'amener l'utilisation de L-Architect à l'étape suivante, soit de recréer l'architecture
de la canopée de sites forestiers documentés. Une nouvelle approche a ainsi été développée pour
reconstruire l'architecture de couverts forestiers utilisant L-Architect et les données d'inventaire.
Les nuages de points alignés TLiDAR d'arbres individuels ont servi à construire un catalogue.
Cela supposait que la variabilité structurelle et architecturale due au microenvironnement de
chaque individu était considérée d'ordre secondaire à l'échelle du peuplement forestier pouvant
être négligée dans la modélisation. Nous avons associé à chaque nuage de points aligné l'espèce,
le DHP et la hauteur de l'arbre échantillonné. Pour chaque arbre retrouvé sur une placette
forestière, l'algorithme choisissait à partir du catalogue un nuage de points aligné qui était de la
même espèce et qui minimisait une contrainte sur le DHP et la hauteur. En pratique, nous
conservions plutôt les courbes squelettiques (tronc et branches principales) ainsi que les points
attracteurs (feuillage) afin de réduire le temps de manipulation de données et de calcul. Ensuite,
l'algorithme appliquait une mise à l'échelle sur les courbes squelettiques et les points attracteurs
pour obtenir approximativement la même dimension de la couronne d'arbre retrouvée sur la
placette. L'approche de modélisation L-Architect, décrits dans l'article III, a été utilisée pour
reproduire la structure d'arbre en minimisant une contrainte sur le DHP et sur la surface foliaire
totale calculée à partir d'une relation allométrique spécifique au site étudié, ici l'îlot de rétention
Malahat. Cet algorithme a été répété pour tous les arbres de l'îlot de rétention de Malahat.
Afin d'extraire les attributs structuraux du couvert forestier de la placette reconstruite, nous avons
spatialisé la scène en une matrice de voxels. Chaque voxel incluait l'information sur la densité de
surface interceptée, la densité de surface foliaire et la densité de volume de bois. L-Architect a été
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évaluée sur sa capacité à reproduire la distribution spatiale de matériel au sein du couvert
forestier. En l'absence de mesures structurelles exhaustives indépendantes, les données TLiDAR
en mode demier retour ont été utilisées comme source d'information sur la distribution de
matériel de l'îlot de rétention. L'évaluation du modèle a consisté d'abord à comparer la surface
terrière et la surface foliaire de l'îlot de rétention avec les données d'inventaire. Ensuite, les
profils verticaux sur la distribution de matériel calculée avec les mesures TLiDAR en mode
demier retour et L-Architect ont été comparés. Les quantités comparées entre le modèle
d'architecture et les systèmes LiDAR étaient de nature différente. Ainsi, nous avons opté une
comparaison sur des profils normalisée de surface interceptée dans le cas de L-Architect et du
nombre de retours pour les systèmes LiDAR. Une fois l'évaluation du modèle complétée,
L-Architect a ensuite été appliqué à quantifier l'effet d'occlusion sur les systèmes LiDAR dans la
caractérisation de la stmeture. Les profils verticaux et horizontaux de la distribution spatiale de
matériel entre les mesures LiDAR (terrestre et aéroporté) ainsi que les simulations avec
L-Architect ont servi de base d'évaluation. Cette méthodologie est détaillée dans l'article IV.
1.5. Analyse, interprétation des résultats
1.5.1. Cohérence structurelle et radiative
Comme énoncé dans la section «Matériel et méthode, §1.2.3», la validation rigoureuse de
L-Architect sur le plan stmcturel et radiatif a été faite dans un environnement virtuel (article II).
Nous avons utilisé une nouvelle procédure pour générer un modèle d'arbre seconde génération
qui simulait les mesures TLiDAR sur un modèle d'arbre référence. Les propriétés structurelles et
radiatives du modèle seconde génération ont être comparées sans équivoque avec le modèle
référence.
La surface et l'orientation du feuillage sont des variables d'état cruciales contrôlant les propriétés des
couverts de végétation. De même la surface de bois est un paramètre de plus en plus utilisés dans les
modèles de réflectance et climatologiques. Les profils verticaux de la surface de bois et de feuillage
des modèles seconde génération comparée aux modèles référence ont montrés des déviations
quadratiques (root mean square déviation, RMSD) plus grandes dans le cas des modèles VIS.
Les comparaisons sur les distributions de l'orientation des pousses ont montré que les deux séries
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de modèles deuxième génération reproduisaient bien de façon générale la distribution avec un
RMSD variant entre 0,21% pour le cèdre rouge de l'ouest à 2,09% pour le sapin Douglas. Les
erreurs plus élevées sur le sapin Douglas ont été attribuées au fait que la partie supérieure du
tronc n'était pas visible sur le nuage de points TLiDAR à cause de l'occlusion. Cela a favorisé le
développement de branches orientées plus à la verticale pour rejoindre les attracteurs dans la
partie supérieure de la couronne. La qualité du nuage ainsi que les tests de cohérence
architecturale (qualitatif [VIS] vs quantitatif [FIX]) ont un impact sur la précision de la
reconstruction d'arbres individuels. Nonobstant, l'accord observé sur les profils verticaux de
surface foliaire de bois et de la distribution angulaire des pousses supportait l'utilisation de
L-Architect pour extraire les attributs de la végétation à partir de mesures TLiDAR.
Pour les observations par télédétection, les propriétés de structure comme la surface foliaire et
l'orientation influencent les interactions de la radiation incidente sur la canopée ainsi que sur le
signal mesuré par les instruments de télédétection. La comparaison de la BRF intégrées sur tout
l'hémisphère et sur le plan principal dans les bandes rouge et proche infrarouge a montré des
valeurs RMSD variant de 0,001 à 0,0016 dans le rouge jusqu'à 0,0020 et 0,0026 dans le proche
infrarouge. Néanmoins, les valeurs de RMSD pour les forêts générées à partir d'une seule espèce
d'arbre seulement étaient plus élevées car les différences structurelles étaient amplifiées dans ces
scénarios. La BRF a été calculée sur 250 valeurs distribuées sur tout l'hémisphère pour les 54
scénarios de forêts virtuelles simulées avec une seule espèce d'arbre. Les résultats indiquaient
que les différences structurelles des arbres individuels avaient moins d'impact dans la bande
infrarouge que dans la bande rouge. De plus, pour une surface de un hectare, ces erreurs
tombaient dans la limite de précision de calibration des capteurs à moyenne résolution spatiale,
soit d'environ 3 à 5%. Il a été démontré que L-Architect était bien adapté dans le contexte de
validation des produits de télédétection pour des sites connus, par exemple par son utilisation
conjointe avec un modèle 3D de transfert radiatif. Toutefois, une recommandation importante
stipulait qu'un processus d'automatisation était requis pour paramétriser le modèle afin de réduire
la différence entre des variables structurelles clés modélisées et actuellement observées.
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1.5.2. Lier les données TLiDAR aux attributs structuraux
Suite aux constats obtenus de cette première étape, un mécanisme a été développé pour lier
explicitement les mesures TLiDAR et les paramètres de L-Architect en information utile sur les
attributs structuraux (article III). MCS a permis d'explorer l'espace des paramètres de L-Architect
pour obtenir une solution approximée au problème de reconstruction de la structure en fonction
des contraintes données. Des relations allométriques spécifiques aux 4 espèces étudiées sur la
quantité de surface foliaire ont été utilisées, en plus de la valeur de DHP et de la distribution
spatiale de matériel mesurée par le TLiDAR.
Les solutions trouvées par MCS représentaient des structures réalistes des 5 arbres échantillonnés
avec une erreur pour la fonction objectif de 3 à 9%. La déviation des attributs calculés sur les
modèles d'arbre a donné des erreurs absolues sur le DHP et la surface foliaire totale variant entre
0,00% et 1,67%. Les valeurs de RMSD entre les profils verticaux de la distribution de l'indice de
densité variaient entre 0,21 pour la pruche de l'ouest #1 et 2,23 pour le cèdre rouge de l'ouest.
Les principales erreurs potentielles étaient que (i) les nuages de points alignés du TLiDAR étaient
en pratique incomplets dû à l'occlusion par d'autres objets tandis que ces objets n'étaient pas
présents dans les simulations et que (ii) la présence de vent n'était pas présente dans les
simulations II a été observé que la structure de pousse utilisée dans la reconstruction des arbres
avait un impact important sur le pin d'Alep. La pousse du pin d'Alep était moins dense et
groupée que la pousse générique utilisée pour les autres espèces ce qui pouvait entraîner des
déviations importantes entre les profils verticaux de l'indice de densité.
Il a été montré que l'impact de la distribution spatiale de matériel dans la définition de la fonction
objectif était moins important que les contraintes sur le DHP et la surface foliaire totale. Les
algorithmes utilisés dans L-Architect distribuaient le matériel fidèlement avec l'information
recueillie par les nuages de points TLiDAR, et même si cette contrainte étaient relevée. Enfin,
une comparaison a été effectuée avec une approche plus grossière où seules les pousses de
conifères étaient réparties aléatoirement dans le volume de la couronne, conservant uniquement le
tronc et ignorant les segments de branches. Les résultats ont montré que ce type de modèle
n'arrivait pas à reproduire la distribution spatiale de matériel au sein du houppier mesurable avec
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le système TLiDAR. Donc, l'ensemble des résultats démontrait l'aptitude et la robustesse de
L-Architect à reconstruire l'architecture 3D et reproduire les attributs structuraux d'arbre mesurés
avec les systèmes TLiDAR.
1.5.3. Caractériser la structure du couvert forestier
L'application de L-Architect à recréer l'architecture de placette forestière a impliqué la création d'un
catalogue de modèles d'arbres représentatif de la variété structurelle de la canopée. La performance
de l'approche de modélisation à reconstruire l'îlot de rétention Malahat a été évaluée avec les
distributions d'erreur sur la fonction objectif définie à partir de contraintes sur le DHP et la
quantité de surface foliaire. Pour les 278 arbres de la placette, les erreurs absolues relatives de la
fonction objectif se situaient majoritairement entre 0-10%. La surface terrière ainsi que la surface
foliaire totale de la placette in situ et simulée montraient des différences de -0,01% et -0,25%
respectivement.
La capacité de L-Architect à caractériser la structure verticale de l'îlot de rétention de Malahat a
été évaluée avec la comparaison des profils verticaux. Les données TLiDAR acquises en mode
demier retour ont été utilisées pour évaluer le modèle à cause de leur meilleure capacité à sonder
le milieu qu'en mode premier retour et à leur résolution plus fine que celle des données ALiDAR.
Les profils verticaux de L-Architect concordaient bien avec ceux du TLiDAR en mode dernier
retour, avec un RMSD centré de 0,007 et d'une corrélation de 0,95. Les erreurs potentielles
étaient (i) l'occlusion des objets dans les scans TLiDAR, (ii) la végétation en sous-bois ignorée
dans la placette reconstruite et (iii) l'erreur de positionnement des arbres simulées et du
positionnement GPS pour le nuage de points TLiDAR. À partir de ces observations nous avons
considéré l'îlot de rétention reconstruite avec L-Architect comme étant la source la plus complète
et précise sur la structure du couvert forestier. Ainsi, nous avons pu étudier l'effet de l'occlusion
d'objets sur les données LiDAR terrestre et aéroporté et l'implication sur la caractérisation de la
structure verticale et horizontale à partir de ces systèmes.
Les profils verticaux pris dans la partie centrale de l'îlot de rétention ont servi à quantifier
l'impact de l'atténuation du signal laser pour les TLiDAR sur leur capacité à caractériser la
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structure dans des régions mal échantillonnées. Les résultats ont montré de plus grandes
déviations que pour les profils verticaux calculés (i) sur toute la placette ou (ii) sur une section
annulaire en périphérie de la placette où l'impact de l'occlusion était réduit. De plus, l'effet
d'occlusion dans la partie centrale était plus important en mode premier que dernier retour avec
un RMSD centré et une corrélation de 0,026/0,33 et 0,016/0,72 respectivement. Les profils
verticaux à partir des données ALiDAR ont montré un décalage vers le haut en comparaison avec
le profil de L-Architect dû à la capacité limitée de l'instrument à sonder le couvert forestier sur
toute la colonne (hauteur). Cet impact était moins significatif sur le profil vertical calculé avec les
scans TLiDAR acquis autour de la placette (isolée) de rétention. Une analyse sur les profils
horizontaux a montré que les profils de ALiDAR obtenaient de meilleurs résultats que ceux de
TLiDAR lorsque comparés avec les profils horizontaux générés avec L-Architect. Ainsi, l'impact
de l'occlusion influence la capacité des systèmes LiDAR à caractériser la structure horizontale et
verticale. À la lumière des résultats, l'approche de modélisation architecturale proposée permet
de reconstruire de façon précise la structure de couverts forestiers et générer des cartes détaillées
d'attributs forestiers comme la surface foliaire ou le volume de bois (montrés en exemple dans
l'article IV).
1.6. Discussion
Le modèle d'architecture L-Architect est conçu pour occuper une niche ciblée en appui aux
méthodes de mesure en télédétection, permettant une avancée dans plusieurs techniques comme
le LiDAR terrestre et aéroporté ainsi que la modélisation de la réflectance directionnelle. Il
rencontre un niveau de détails à l'échelle des éléments d'influence de la mesure (les pousses) qui
a été sous-exploitée jusqu'à présent. Il s'avère être un compromis judicieux entre les modèles
d'architecture géométriques et les modèles d'architecture de croissance dynamique. La flexibilité
et la robustesse de L-Architect lui confère une supériorité marquée vis-à-vis les modèles au
niveau des couronnes ou même de type polyèdre (ex. Cluzeau et al, 1995; Cescatti, 1997) à
reconstruire une variété de structures très détaillées. Sa capacité à reconstruire la structure
d'arbres individuels en milieux forestiers naturels le place comme alternative confirmée aux
modèles morphologiques existants qui requièrent un ensemble exhaustif de mesures terrains (ex.
Landry et al, 1997; Côté, 2006) ou dépendent d'une quantité importante d'information sur
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l'espèce et les paramètres écologiques (ex. De Reffye, 1988) limitant leurs applications à des
sites particuliers. La principale force du modèle est sa capacité de générer des structures
plausibles même sous des conditions de mesures non idéales, particulièrement aggravées pour les
espèces de eonifères en milieux forestiers naturels. L-Architect surpasse ainsi les efforts
antérieurs pour extraire la structure fine d'arbres individuels par modèles infographiques où les
méthodes étaient tributaires de la qualité des scans TLiDAR et/ou du type de végétation (Cheng
et al, 2007; Xu et ai, 2007).
Plusieurs études ont utilisé les données TLiDAR pour mesurer la distribution spatiale des arbres
ou des composantes de la canopée (Hopkinson et al., 2004; Hosoi and Omasa, 2006; Durrieu et
al., 2008). La distribution des éléments d'un arbre est généralement supposée proportionnelle aux
retours TLiDAR comme vue dans le nuage de points résultant. Cependant, plusieurs facteurs
influences les mesures sur les distributions spatiales des composantes avec les données TLiDAR.
En particulier, l'occlusion par les objets présents dans la scène, le sur-échantillonnage par l'usage
de scans multiples, la présence de vent ainsi que la capacité à différencier les composantes de
bois et de feuillage peuvent restreindre sérieusement l'interprétation directe du nuage de points en
distribution réelle des composantes. L'utilisation de L-Architect peut enlever les effets
d'altération de ces éléments mais la fiabilité des résultats est largement dépendante de
l'algorithme d'optimisation MCS. L'aspect visuel d'un arbre reconstruit n'est généralement pas
suffisant pour prédire les attributs structuraux et justifiait l'utilisation d'une procédure
d'optimisation. Des structures d'arbres plausibles ont pu être obtenues requérant l'intervention
réduite de l'utilisateur et d'un ensemble de eontraintes minimaliste. En pratique, seulement lors
du post-traitement des données TLiDAR et la création du squelette initial qu'une manipulation
explicite était nécessaire. Il a été démontré que l'utilisation de quantités mesurables in situ faisant
souvent partie intégrante des mesures d'inventaire ou de relations existantes, tels le DHP et la
surface foliaire, permettait à MCS de converger vers une solution réaliste. Les résultats de nos
simulations supportent l'usage de L-Architect dans le développement de méthodes pour extraire
les attributs forestiers par télédétection. Bien qu'illustré ici qu'avec des conifères, rien
n'empêcherait d'appliquer L-Architect aux feuillus. En effet, malgré que 4 des 5 espèces utilisées
présentaient toutes des structures monopodiales, c'est-à-dire avec une seule tige principale, le pin
d'Alep modélisé montrait une bifurcation sur sa tige principale s'apparentant à une structure de
29
type sympodiale (à l'opposé de monopodiale) caractéristique de plusieurs espèces de feuillus.
Ainsi, bien que non démontré explicitement, l'application de L-Architect pourrait s'étendre aux
espèces de feuillus en prenant soin d'ajuster la structure de feuillage à l'espèce modélisée.
Une caractérisation complète de la structure des couverts forestiers implique la collecte
d'information comme le groupage du feuillage, la quantité de bois aussi bien que le nombre,
dimension, forme et la distribution de l'orientation des feuilles et aiguilles. Quelques-unes de ces
variables peuvent être extraites à partir de techniques connues de télédétection, mais d'autres
demandent des observations directes sur le terrain utilisant une variété de méthodes
puisqu'aucune technique seule ne peut fournir toutes les informations nécessaires à la fois. Une
représentation réaliste de la structure des couverts par l'emploi de L-Architect fournirait une
méthode pour extraire les attributs forestiers ou une façon d'identifier les variables structurelles
responsables de la variabilité des attributs observés. Nous avons étendu l'applicabilité de
L-Architect avec un catalogue de scans TLiDAR d'arbres individuels qui sont utilisés pour
reproduire chaque arbre d'une placette forestière. Le résultat final consiste à une représentation
3D détaillée, complète et fiable de la structure du couvert forestier. L'approche proposée s'avère
être un outil pratique pour résoudre le problème inhérent d'occlusion au sein de milieux forestiers
avec les systèmes LiDAR tout en minimisant les mesures destructives. Elle permet de plus
d'acquérir un ensemble détaillé de données structurelles surpassant largement les capacités
d'extraction des systèmes actuels en télédétection. En comparaison à d'autres approches (ex.
Disney et al, 2006; Palubicki et al., 2009), L-Architect s'avère être une contribution significative
dans notre habileté à modéliser l'architecture à un grand niveau de détails dans un contexte
opérationnel en télédétection et écologie forestière. Les systèmes ALiDAR ont été utilisées pour
estimer la position, la hauteur, la dimension des couronnes et d'autres attributs sur les arbres
individuels pour une variété de couverts forestiers (ex. Môrsdorf et al., 2004; 2006). Par
conséquent, ces attributs estimés avec les systèmes ALiDAR pourrait être utilisés directement
comme intrant au modèle d'architecture sans l'utilisation de mesures d'inventaires traditionnels.
Des développements plus sophistiqués pourraient conduire à l'élaboration d'équations de
calibration qui seraient liés aux attributs d'inventaire de peuplement mesurés par ALiDAR dans
les zones qui sont isolées et difficile d'accès, ou dans des zones qui sont accessibles pour
diminuer ou même remplacer la nécessité de références au sol.
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L'analyse de l'arrangement complexe des couverts forestiers nécessite l'application de méthodes
d'inversion et L-Architect procurerait des informations additionnelles sur la structure décisives au
développement et validation de ces méthodes. Dans le contexte des méthodes d'inversion par
tables de conversion, il est fréquent de rencontrer le problème de solutions multiples lorsque
plusieurs configurations distinctes sur les paramètres du modèle d'inversion (ex. transfert
radiatif) résultent en la même signature spectrale mesurée au capteur. Observé spécialement avec
des instruments unidirectionnels à basse résolution spatiale, cette éventualité peut être réduite à
l'aide de capteurs multidirectionnels (et multi-spectraux) avec une moyenne ou haute résolution
spatiale qui permet de contraindre le nombre de solutions. Il est alors crucial de connaître les
propriétés structurelles pertinentes de la canopée avec suffisamment de détails et de précision
puisque sa structure influence la signature spectrale mesurée au capteur, en particulier à haute
résolution spatiale. L'utilisation de L-Architect pour obtenir cette information réduirait ainsi le
nombre de candidats à inclure dans les tables de conversion et garantirait que les caractéristiques
structurelles et spectrales seraient représentatives de situations réelles. Assumant que
l'information sur les propriétés spectrales des feuilles, du bois et du sol soit disponible,
L-Architect et un modèle de transfert radiatif 3D pourraient être utilisés conjointement pour
prédire la réflectance de surface ou d'autres produits dérivés comme le FAPAR (Gobron et ai,
2006). Cela permettrait aussi la formulation de stratégies d'échantillonnage spécifique par site
optimisées pour l'estimation d'attributs forestiers.
Nous pouvons proposer quelques améliorations au modèles afin d'augmenter la capacité de
L-Architect à reproduire la complexité architecturale des couverts forestiers. La qualité de la
reconstruction de la canopée dépend de la disponibilité d'un catalogue d'arbre qui parvient à
couvrir la variété structurelle présente sur le site forestier. Ainsi, il est important d'identifier et
d'acquérir des scans TLiDAR d'un nombre adéquat d'arbres qui sont caractéristiques d'un site
particulier. Par exemple, les échantillons devraient être représentatifs des espèces dominantes et
des classes hiérarchiques du couvert (dominant, co-dominant, intermédiaire, supprimé). Au
niveau de l'arbre individuel, certaines ajouts ou modifications pourraient améliorer la qualité de
la structure des arbres reconstruits. Des contraintes additionnelles sur la fonction objectif, si
disponibles, permettrait d'augmenter la précision sur certains attributs comme par exemple
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l'utilisation du volume de bois pour l'estimation de la biomasse. Davantage d'information sur la
formation et la forme des différentes composantes structurelles des arbres améliorerait la
précision du modèle reconstruit. Un modèle de pousse (ou feuille) devrait être spécifié selon des
mesures terrains afin de tenir compte des différences entre les espèces ainsi que des facteurs liés
au site, à l'âge et au stress (Smolander et Stenberg, 2003). Des règles de production pour simuler
la croissance de la plante ajustées en fonction de l'espèce et un couplage plus serré entre le
L-Système et les données TLiDAR permettrait de recréer de façon plus réaliste la structure
résultante, notamment la distribution et la direction optimale de croissance des composantes en
fonction de la disponibilité d'espace (Palubicki et al, 2009).
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2. Canopy Architectural Model in Support of Measurement Methods using Hemispherical
Photography
Modèle d'architecture des canopées en support aux méthodes de mesures utilisant la
photographie hémisphérique.
Auteurs ; Jean-François Côté, Richard A. Fournier et Michel M. Verstraete.
Chapitre à être soumis dans "Hemispherical Photography for Forestry: Theory, Methods,
Applications", édité par R.A. Fournier et R.J. Hall.
Résumé :
L'une des limitations les plus importantes concernant les mesures in situ du couvert forestier est
le manque relatif de connaissances de l'architecture des forêts. L'arrangement 3D des
composantes du couvert est difficile à mesurer en raison de l'hétérogénéité spatiale et temporelle
importante de l'architecture du couvert sur une large gamme d'échelles. Cette réalité complexe a
souvent besoin d'être simplifiée à travers des représentations appropriées telles que des modèles
d'architecture. Ce chapitre examine d'abord les modèles d'architecture disponibles pour simuler
les couverts forestiers, l'applicabilité de ces modèles en matière de télédétection et les
applications écologiques, et dans quelle étendue les mesures à partir de photographies
hémisphériques peuvent être utilisées en relation avec ces modèles. Le potentiel de la
modélisation architecturale à soutenir les méthodes de mesure par photographie hémisphérique
est évalué grâce à l'élaboration, l'évaluation et l'application à la photographie hémisphériques d'un
modèle architectural novateur nommé VoxTreK. Les contributions et les limites de VoxTreK
pour estimer les paramètres structurels par photographie hémisphérique seront discutées.
L'évaluation du modèle consiste en des simulations de l'architecture du couvert forestier, des
reconstitutions de plusieurs peuplements de conifères, et des simulations par ordinateur de
photographie hémisphérique prises dans les peuplements forestiers. Les tendances récentes en
matière de modélisation d'architecture seront revues en fournissant un résumé de l'état de la
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technique de modélisation d'architecture des couverts végétaux, ainsi qu'une présentation des
applications actuelles et des développements futurs.
Mots-clés ; modélisation architecturale, photographie hémisphérique, couvert forestier, conifère.
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Abstract
One of the most important limitations regarding in situ measurement of forest eanopies is the
relative lack of knowledge of forest architecture. The 3D arrangement of canopy components is
difficult to measure because of important spatial and temporal heterogeneity of canopy
architecture over a wide range of scales. This complex reality often needs to be simplified
through suitable représentations such as architectural models. This chapter first reviews the
architectural models available to simulate forest eanopies, the applicability of these models in
remote sensing and ecological applications, and the extent to which measurements from
hemispherical photographs (HPs) can be used in relation with these models. The potential of
architectural modelling to support measurement methods with HP is assessed through the
development, évaluation and application to HP of a novel architectural model called VoxTreK.
The contributions and limits of VoxTreK to estimate structural parameters from HP will be
discussed. The évaluation of the model consists of simulations of forest canopy architecture,
reconstructions of several conifer stands, and computer generated simulations of HPs taken in
forest stands. Recent trends in architectural modelling will be reviewed, providing a summary of
the State of the art in modelling canopy architecture, as well as outlining current applications and
future developments.
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2.1. Introduction
2.1.1. Contexts for the use of canopy architecture models
Forest canopy architecture refers to the three-dimensional organisation of forest végétation
canopy éléments (Ross, 1981); it constitutes an essential ingrédient to model exchanges between
the atmosphère and the ecosystems and influences biophysical processes at différent spatial and
temporal scales, for instance through key biophysical parameters such as incoming radiation. For
example, canopy architecture détermines microclimates and régulâtes ecological processes that
govem beat, water and carbon exchanges (Fournier et ai, 1997). The physiological responses of
forest canopy dépend on canopy architecture which in turn affects growth, survival, and
reproduction of plants. However, a poor characterization of canopy architecture hinders our
understanding of the processes controlling plant physiology or their interactions with the climate.
The complexity of canopy architecture greatly limits the accurate retrieval of forest attributes and
the identification of the spatial composition and structure of forest landscapes, or patterns
(Tumer, 1989), from satellite remote sensing imagery. While fieldwork remains a critical source
of information, the cost and time to acquire a suitable dataset from ground measurements is often
prohibitive. Conversely, the proper interprétation of remote sensing data is greatly enhanced
when a minimum amount of field-derived data is available. However issues of scale, végétation
phenology, temporal Windows for data availability, and the available spectral band sets must ail
be looked into very closely for sélection of suitable imagery. Advances in technology bave
consistently improved the spatial resolution of satellite-based remote sensing Systems. As a
resuit, we now bave access to a very wide range of spatial resolutions spanning from a metre to
one or more kilométré. Thus the main limitation is not tied to the spatial resolution anymore but
strongly linked to our ability to deal with the 3D spatial distribution of canopy éléments. In fact,
the relative importance of 3D effects in the interprétation of remote sensing data increases
significantly when the spatial resolution reaches distances of the order of dozens of métrés or
fmer (e.g., Widlowski et al., 2007). Consequently improving mapping methods using satellite
remote sensing is intimately tied with better knowledge of forest canopy architecture.
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Architecture models were developed to help remote sensing image interprétation by establishing
defmite relations between canopy structure and its réflectance as observed by remote sensing
instruments. These models can help to understand signal interactions, either natural (e.g., solar
radiation, Pinty and Verstraete, 1991) or artificial (e.g., synthetic aperture radar, Sun and Ranson,
1998), with végétation canopy and to characterize the major structures and elements that
influence the radiative processes within the canopy. With respect to forest remote sensing,
models were widely used to study light régime within the canopy (e.g., Fournier et al., 1996), to
measure biophysical parameters (e.g., Goel, 1988; Myneni et ai, 1995; Disney et ai, 2006), to
simulate radiative transfer (e.g., Govaerts and Verstraete, 1998), and to improve knowledge on
ecological and climate processes (e.g., Sun and Ranson, 1998). Therefore, architectural models
can significantly improve réflectance models and enhance their applicability in such applications
as land cover and land use mapping.
Hemispherical photography (HP) is a subset of field-based remote sensing methods; it is a
spatially explicit imaging method of observation particularly well suited to assess canopy
architecture parameters (e.g., Nilson and Ross, 1979; Chen and Black, 1991; Andrieu et al.,
1994; Chen et Cihlar, 1995; Chen et al., 1997; Planchais and Pontailler, 1999; White et al, 2000;
Law et al, 2001; Leblanc et al, 2002; Fournier et al, 2003; Jonckheere et al, 2004). Analysis of
HP requires the application of inversion methods because the complexity of a 3D situation is
viewed in a 2D framework (Leblanc and Fournier, 2010). As a resuit, inversion methods from
gap fraction were used to defme the amount of leaf surface (through the leaf area index or LAI)
and also to deal with the complex problem of canopy élément dumping (Walter et al, 2(X)3;
Leblanc et al, 2005, Frazer et al, 2010). Architectural models can aid the évaluation of canopy
elements and their spatial distribution beyond the application of inversion algorithms to HPs.
2.1.2. Approaches to model forest architecture
Architectural models provide canopy représentations at différent scales and resolutions. The
accurate reconstruction of the architecture in natural forest relies on detailed environmental
descriptive datasets and faithful knowledge of plant structure. This requirement initially
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motivated the development of simplified models limited to coarser scales (canopy, crowns) of
forest canopies. However, technological advances in measuring hardware and in scientifîc
algorithms led to progressively more refined models capable of representing the fine structure of
individual trees in great détail. Hence, while earlier spatial représentations of forest canopies
were based on a theory known as 'turbid médium', where ail the foliage elements are assumed
randomly dispersed inside an infinité homogeneous layer, more recent models include a simple
geometrical description of tree crowns and can even, in some cases, reproduce architectural
détails at the shoot level.
Turbid médium models approximate canopy structural pattems but simplify analysis treatments
and can be well suited to represent relatively uniform canopies with limited gaps, especially at
coarse spatial resolutions. Turbid médium models ignore ail plant organs other than leaves and
treat this leaf canopy as a gas with scattering point particles distributed within an infinité
horizontal layer (Fig. 2-la). Radiation propagation in the médium dépends on solar incident
direction and médium properties. Turbid médium architecture is mainly characterized by the leaf
area index (LAI) and the leaf normal distribution (Verhoef and Bunnik, 1981). Particles'
dimension, spacing between the particles and dumping are not considered. A first refinement
using the turbid médium model consists of dividing the infinité horizontal layer in several vertical
sub-layers, each characterized by spécifie optical properties and orientations (Ross and Nilson,
1966). Turbid médium model bas yielded to numerous inversion methods to estimate light régime
(Suits, 1972; Verhoef, 1984; Pinty et al, 2006). However, other alternatives are available for a
more realistic représentation of clumped heterogeneous canopies.
Géométrie models, amongst others, simulate dumping at the crown level. Canopy is represented
by simple geometrical shapes (e.g., spheres, cônes, cylinders) with their optical properties such as
transmittance, réflectance and absorbance (Fig. 2-lb). Horn (1971) proposed a simple géométrie
model defining crown shape with 3 parameters: absolute dimension, width/height ratio, and
convexity. Many models use mathematical functions or surfaces of révolution generated by 2D
curves to represent individual crowns. For instance, canopies can be modelled by a sériés of
conical (Li and Strahler, 1985), cylindrical (Pacala et ai, 1993) or ellipsoïdal shapes (Nilson and
Peterson, 1991). Différent shapes can be used simultaneously in a scene to model différent
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species (St-Onge et al, 1991), or joined together te form more complex and realistic crown
shapes (Chen and Leblanc, 1997; Widlowski et al, 2006). Convex polyhedrons have been used
to adjust the natural profile of tree crowns (Cescatti, 1997). Géométrie models are well adapted
for sparse canopies where multiple scattering and mutual shadowing within the crowns can be
neglected. However, they still assume a uniform spatial distribution of foliage material within
crowns, though this assumption can be relaxed by using more complex models referred as hybrid
models in this chapter.
The hybrid models combine the advantages of géométrie models with the use of différent spatial
distribution as well as représentation of foliage elements within the crowns (Fig. 2-le). A canopy
is represented by géométrie shapes for tree crowns where the elements within individual crowns
are treated as [i] a gas of scattering point particles (turbid médium) or [ii] géométrie objects (e.g.
disks). Forest canopies have been modelled for instance by cônes, cylinders, ellipsoids and
paraboloids (e.g. Wang and Jarvis, 1990). In the first category, foliage distribution within
individual crowns is random or follows a spécifie leaf area spatial profile (Larsen and Kershaw,
1996). In the second category, the use of géométrie shapes may represent individual foliage
elements (leaves, shoots, needles, etc.) for which multiple interactions and mutual shadowing
between canopy elements within crowns are accounted for. Simple shapes such as disks
characterized by optical properties dispersed within the crown volume can give good
approximations of the spatial foliage distribution (Borel et al, 1991; Pinty et al, 2004). Hybrid
models are more versatile than turbid médium or géométrie models but do not have the capability
to represent the complex distribution of material at the branch or shoot level. This limitation can
only be overcome by the use of spécifie algorithms and/or complété in situ datasets to reproduce
plant structure.
Morphological models increase the realism of simulated canopies by detailing their structure to
the finest level; at the leaf or shoot (needle) scale. We suggest that these models can be classified
in two broad catégories. The first one represents tree topology through an attribute dataset and
requires measurements on the foliage distribution. 3D digitizing methods have been proposed by
Sinoquet and Rivest (1997) to measure plant structure at the shoot level. The method describes
simultaneously the spatial pattern of branches, the spatial coordinates of plant components as
39
well as the basai diameter and the number of shoots. Landry et al. (1997) developed a
vectorization method to characterize the fine tree arehitecture of mature forests. This method
permits the statistical reconstruction of a tree in three dimensions by selectively sampling its
structural components. The applicability of this category of models is clearly constrained by the
availability of the required in situ datasets.
The second class of morphological models détails plant architecture with various methods or
algorithms used in botanic, computer graphie and language theory to name a few. Many
approaches were tested to link the knowledge on growth processes and plant genetic with the
structural development of the plant (Mëch and Prusinkiewicz, 1996; Perttunen et al, 1996; De
Reffye et al, 1997). Such models aim to describe the structure of plants as a response of
végétation canopies to environmental factors, such as climate or water and nutrients availability,
and ecosystem management (Kurth and Sloboda, 1997; De Reffye et al, 1998). For example, the
LIGNUM model (Perttunen et al, 1996) considers a tree as a 3D collection of simple units
corresponding to tree organs which grow directly in response to spécifie metabolic rules. As
another example, AMAP (botAnique et bioinforMatique de l'Architecture des Plantes: De
Reffye, 1988; Godin et al, 1999) models plant growth using probabilities associated to mortality,
pause in the development, ramification, and shoot réitération. AMAP allows exploring plant
structure databases and exploits knowledge on key environmental variables for the faithful
structural reconstruction of spécifie végétation canopies. The parameterization of morphological
models dépends on a large amount of information which can limit the capability to simulate
végétation canopies. Each plant species under study requires its own ecological parameters to be
specified, although it might be possible to dérivé more generic spécifie rules. Growth grammars
can serve as a formai framework to represent and encode plant architecture and simulate their
growth with production rules applied on shoot segments (Prusinkiewicz and Lindenmayer, 1990;
Kurth 1994, 2000). Lindenmayer Systems, or L-Systems, are a particular case of growth
grammars and encode plant topological structure with a string of symbols. Subséquent
developments improved the formalism of parameterization (Prusinkiewicz and Lindenmayer,
1990) and the impact of environmental factors (Prusinkiewicz et al, 1994). More recently, open
L-Systems have increased the complexity and the realism of modelled structures as well as the
interactions between the plant and its environment (Mëch and Prusinkiewicz, 1996). These
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improvements have increased the complexity and the realism of modelled structures as well as
the realism of the simulated interactions between the plant and its environment. Growth
grammars with relatively limited knowledge on functional processes can be used to model
realistic plant architecture (Fig. 2-ld) but reproducing realistic plant canopies in natural
environments such as forests remains difficult due to numerous factors influencing the final
structure of the plant.
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Figure 2-1: Examples of représentations of forest canopies: a) Infinité horizontal layer treated as
turbid médium, b) Geometrie shapes used to represent individual tree crowns. c) Hybrid model
combining the approaches of a) and b). d) Morphologieal models that détail the structure up to
the smallest canopy element.
Selecting the most suitable model of végétation canopy for inclusion in a réflectance model or to
generate an image ultimately dépends on the requirements of the application in terms of accuracy
and level of détail. Nevertheless, ail models aiming at simulating the architecture of individual
trees or of forest canopies face the following issues: (i) an important spatial and temporal
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variability over a wide range of scales, (ii) the need for large amounts of field measurements to
represent the geometry as well as the physiological properties of plants and (iii) practical
constraints in the acquisition of measurements over mature trees in natural forests (Fournier et
ai, 1997). The use of architectural models in comhination with HP circumvents some of these
constraints in search of a compromise hetween practical but adapted simplifications for a realistic
description of forest canopies.
2.1.3. Objectives
In this chapter we wish to illustrate how morphological canopy architecture models are suited to
replicate HP and could provide a tool to retrieve the structural parameters of a stand by using the
enhanced structural dataset as additional information to inversion process. This is accomplished
through a complété modelling exercise with four levels of architectural modelling approaches
detailed at the scale of forest cover, tree crowns, branches and shoots respectively. In particular,
we will focus on the development, évaluation and application to HP of a novel architectural
model called VoxTreK {Voxel Tree with 3D ilTites). We assess its realism to simulate HPs from
several test sites where detailed measurements of key stand attributes were available. The
évaluation of this canopy architecture model involved the reconstruction of conifer stands with
computer generated simulations of HPs that were compared with in situ HP taken in forest stands.
Potential contributions and limits of VoxTreK to estimate structural parameters from HP will be
discussed in light of the results from the simulations. Comparisons with results from the two
coarser and one fmer architectural models will enlighten the appropriate scale of représentation to
retrieve the structural parameters from HPs. We also aim to explore how to improve estimation of
forest canopy parameters from the HP with the use of architecture models. A software application
dedicated to HP analysis will be used to estimate LAI on simulated HPs of sites reconstructed
with our modelling approach. This will illustrate how a realistic 3D reconstruction of forest
canopy could help to the development or validation of inversion methods applied to HP.
Fournier et al. (1997) recommended that a 3D architectural représentation detailed at the branch
level would be well adapted to reproduce coniferous forest canopy for HP applications. Our
modelling approach was thus developed considering the géométrie and biophysical properties of
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the branches as the basic unit élément of our 3D représentation of forest canopy architecture. A
proper validation of an architectural model is needed before its use in the interprétation of HP
data. It required independent and reliable source(s) of information, e.g. from in situ
measurements, for assessing the model capability to retrieve the structural variables of interest
within an interval error acceptable to the target application. In this chapter, the architectural
model was used to simulate HPs from documented test sites and evaluated against their
respective in situ HPs. Direct validation of the architecture model was not possible due to the
unavailability of suitable structural dataset for the test sites (Verstraete et al, 1996). Nonetheless,
the comparisons of in situ and simulated HPs will détermine if the model is représentative of the
architecture found on the test sites. In that case, the architectural model could be used within
inversion algorithms to extract the structural attributes from HPs, assuming the availability of
independent data to find the best estimations on those attributes (avoid multiple solution
problem). An example of such application will be done in a virtual context where the
reconstructed forest canopy will be considered as the truth thus eliminating independent dataset
requirements.
2.2. Materiai and Methods
2.2.1. Site description
Four sites were selected to represent contrasted cases in végétation canopy structure for
evaluating the proposed architectural model. Those sites have been intensively measured and
assessed by other research groups. The main geoclimatic and structural site parameters are given
in Table 2-1.
•  The deciduous forest site of the ECOLEAP project in Eorêt Montmorency (ECOLEAP-
FM) was largely dominated by balsam fîr {Abies balsamea). It served in a study for
structural measurements (Ung et al, 2001) and to test the applicability of
ecophysiological models (Bernier et al, 1999). The ECOLEAP-FM site was located in
the expérimental forest of the Université Laval, about 100 km north of Québec city within
the bioclimatic zone of Laurentian boréal (Ecological Stratification Working Group,
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1996). The trees grew on a sandy deposit overlying a compacted till layer about 60 cm
deep; the average slope angle is 15°.
•  Two coniferous sites of the BOREAS experiment (Sellers et al, 1995) in the Boréal
Shield ecozone of central Canada have also been selected: Northern Study Area of Old
Black Spruce (BOREAS NSA-OBS) and Southern Study Area of Old Jack Fine
(BOREAS SSA-OJP). BOREAS NSA-OBS was located at about 50 km of Thompson,
Manitoba, and almost exclusively composed of black spruce (Picea mariana (MilL) B. S.
P.) with some tamarack (Larix laricina) interspersed. The terrain had almost no relief
(mostly less than 15m) and soil type came predominantly from Glacial Lake Agassiz
sédiments and consisted of clays, organics and some sandy deposits. BOREAS SSA-OJP
was located about 70 km of Prince Albert, Saskatchewan, with stand composed
exclusively of jack pine (Pinus banksiana) with relief spanning from 550m to 730m. Soil
was composed of gray wooded to degraded black soil classified as brunisolic, gleysolic,
chernozemic, luvisolic and organic soil. Those two sites were in the western part and
southem limit of the Canadian boréal forest.
•  The fourth site. Le Bray (Porté et al, 2000), was located at about 20 km southwest of
Bordeaux (France) and constituted a Mediterranean plantation of maritime pine {Pinus
Pinaster). The climate is Mediterranean/montane and the site is characterized by flat relief
and sandy podzolic soil about 70 cm deep.
In situ measurements were taken during previous and independent field campaigns on each
validation site which included, for each selected tree of each site: identification of species, tree
location in a Cartesian coordinate system (x, y), trunk diameter at breast height (DBH) and social
class (dominant, co-dominant, intermediate and suppressed). Moreover, tree total height and
crown height were measured for a sub-sample of trees. Several allometric relationships were
established from stratified samplings including (1) the tree height as a function of tree DBH and
(2) leaf area of branches as a function of their basai diameter. Destructive samplings on each
validation site served to explicitly describe tree structural parameters and were used in the
proposed architectural model. For each sampled tree, the position and dimension of ail branches
were measured. Those trees were distributed within ail hierarchical social classes: suppressed, co-
dominant, and dominant. A sériés of HP were taken at each sites across transects during fîeld
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campaigns. There were a total of 7 HPs taken across transect of ECOLEAP FM, 7 for BOREAS
NSA-OBS, 10 for BOREAS SSA-OJP and 10 for Le Bray. Ail photographs were taken with an
F-2 traditional caméra equipped with black and white film 400 ASA. The photos were digitized
with the Kodak Photo CD system. The fish-eye lens was a Nikkor 8 mm which provided an
image with a near-perfect equiangular projection and no lens correction was required.
Table 2-1: Main characteristics of the validation sites.
Validation Sites / ECOLEAP FM BOREAS SSA- BOREAS Le Bray
Characteristics OBS SSA-OJP
Cover Type Coniferous Coniferous Coniferous Coniferous
Canopy Type Closed and Clumped Open and Clumped Open and Closed and
Clumped Random
Location Québec. Canada Saskatchewan. Canada Saskatchewan. Bordeaux.
Canada France
Dominant Species Abies balsamea Picea mariana (Mill.) Pinus banksian Pinus Pinaster
(Balsam fir) at 91%. B. S. P. (black spruce) (Jack pine) (maritime
Betula papyrifera at and interspersed Larix pine)
9% laricina (tamarack).
Longitude 71°06'00"W 105°07'12"W 104°41'31" W 00°46'00" W
Latitude 47°19'00" N 53°59'06" N 53°54'58" N 44°42'00" N
Altitude (m) 800 629 579 60
Area (m^) 3080 2400 5400 42920
Basai Area (m^/ha) 44.5 30.04 33 34.16
Tree/ha 1961 2537 1019 621
Mean DBH (cm) 17 10.5 11.9 26.03
Mean Tree Height (m) 17 11 13 18
Slope 15° to 25° NW
A
o
-
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2.2.2. Simulation of forest stand architecture
The VoxTreK model {Voxel Tree with 3D-Kites) was developed to reproduce forest canopy
architecture by using géométrie and biométrie tree attributes measured in situ at the branch level.
VoxTrek offered a compromise between the level of détails and the modelling effort for a realistic
représentation of structural data of canopy. VoxTreK can be considered more detailed than hybrid
models but less laborious than morphological models detailed at the shoot level.
Tree reconstruction using VoxTreK proceeded in two steps: in situ measurements and voxel
modelling. A set of trees from each of the social classes were selected for in situ measurements:
dominant, co-dominant, and suppressed. The DBH was measured and magnetic North was
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marked to locate the branches' position onto the trunk before felling the tree. Each branch was
described with its basai diameter, élévation angle {6), azimuth angle {(p), length of the major axis
|Amajor|, width of the minor axis lA;„,„or| and distance between the attach point to the trunk to the
maximal width {d^w) (Fig. 2-2). Total foliar surface for each branch géométrie unit was dictated
by the allometric relationship: S = aD*, with the basai diameter of the branch (D) and coefficients
a and b adjusted from in situ measurements. The relationship was adapted from a standard
curvilinear relationship that relates the felled-tree volume with the DBH through régression
analysis (Avery and Burkhart, 1983, p. 103). We assumed that this relationship could be applied
to the branches and that the total foliar surface of the branch was linked to the estimated volume.
It was also supported by pipe model theory (Makela, 1986) and recent works on vigour index
using water and nutrient transport considérations to explain shoot growth within tree crowns
(Nikinmaa et ai, 2003). A 3D kite shape was used to represent each branch because of its
similarity with actual coniferous branches' shape. Overall we adopted an asymmetrical
distribution of foliage that simulâtes what is normally occurring on a tree where leaves are
distributed according to mechanical constraints while seeking the location that best capture
incoming solar radiation. This way to simulate spatial density of foliage distribution is subjective
but compatible with common sense. It is significantly différent to the random simulation of
foliage elements within the kite which were dismissed after earlier tests leading to poor results.
Branch thickness varied from zéro to e on the segment AO and a constant value e on the segment
OB (Fig. 2-3). The foliage was distributed on the branches following [i] a Gaussian or normal
distribution over the minor axis of the 3D kite and [ii] a Weibull distribution (Weibull, 1951)
over the major axis of the 3D kite (Fig. 2-4). The normal and Weibull distributions covered the
domain [-1 A^„„, | /2, | A^„„, | /2] and [0, | |] respectively. This configuration distributed the
major part of the foliage towards the tip of the branch. Local foliage surface values resulting from
both distributions' parameters depended on branch dimensions and the overall shape of the
distributions. In practice, both distributions were truncated to eliminate 30% of the functions
extremities to avoid excessively small amount of foliage at the extremities. Therefore, this
renormalization allowed realistic distribution of foliage within the simulated branches. The
foliage surface distribution across branch thickness e of the 3D kite was assumed constant for
simplicity.
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Figure 2-2: Branch parameters measured used for modeling individual trees. [Left] Side view of a
schematic représentation of a tree. [Right] Top view of a schematic représentation of a tree.
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Figure 2-3: Branch représentation of a 3D kite used by VoxTreK: a) and b) Top view of the 3D
kite représentation of a branch, c) and d) Side view of the 3D kite représentation of a branch.
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Each test site was simulated by using in situ measurements on tree attributes and position in the
stand. Each measured plot was represented as a 3D matrix of volume éléments called voxels each
containing the density of foliar surface. The voxel représentation offered a practical mean to fully
describe the heterogeneous biophysical property of the médium (végétation) without considering
the intricate arrangement of fme-scale canopy components. A ray tracing algorithm was used to
simulate HPs from virtual sites and used a 3D matrix of voxels as the scene représentation. The
simulation process approximated the voxel content as turbid médium (sec section 2.3) and the
voxel dimension could be adjusted according to the spatial scale of interest thus preventing
excessive memory usage. AU trees of the stand were placed in the simulated stand according to
their location in the stand and recorded attributes. A first catalogue of modelled trees was
produced by using the VoxTreK model where trees of ail social catégories were represented,
therefore covering the range of tree dimensions présent in each site: 5 modelled trees for
ECOLEAP-FM, 4 for BOREAS NSA-OBS, 3 for BOREAS SSA-OJP and 4 for Le Bray.
Another catalogue was created containing the 3D matrix of voxels of ail simulated trees where
each voxel contained a density value associated with wood or foliage. An algorithmic process we
called voxelization transferred the foliar surface simulated for each branch contained in VoxTreK
3D kites into the 3D matrix of voxels for each tree in the catalogue: voxelization calculated foliar
surface density for each voxel (Fig. 2-5). To do so, the voxelization algorithm identified which
voxels intersected with ail the modelled branches of the tree. A test of intersection was donc with
the (jc,y,z)-positions of the center and the 8 vertices of each voxel for simplicity. Foliage
probability value Pf was computed for ail branch-voxel intersection according to foliage density
at this location in the 3D kite as defmed by the normal and Weibull distributions. Foliage density
value was altered as follows by the introduction of gaps to improve their realism of the modelled
branches: Gap probability Pg was applied to each voxel influenced by foliage, where Pg was
assigned a random value between 0 and the maximum possible value of Pf of the 3D kite,
calculated according to the global maximum of the normal and Weibull distributions over their
respective domain. If Pg > Pf for ail 9 intersection points of a voxel, its associated mean
probability of foliage ( P^ ) was set to zéro, and the total foliar surface allocated for the branch
was redistributed in the other intercepted voxels for which foliage density was allocated. When
ail voxels intersecting a branch were identified, the voxelization distributed the total amount of
foliar surface for the branch in the remaining voxels weighted by their respective mean
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probability value . The same process was repeated for ail branches to encompass the entire tree
model into the matrix M. A complété description of the functional algorithms developed in
VoxTreK is available in Côté (2006). The application of VoxTreK resulted in the simulation of ail
test sites providing density of canopy element at ail voxels.
a)
O
0, Jmajor
b)
-M„iJ/2, M™,J/2
0, M
Figure 2-4: The foliar surface is distributed in a 3D kite following a) a normal distribution
superposed over the minor axis and b) a Weibull distribution superposed over the major axis.
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Figure 2-5: Example of a tree in its voxel représentation, a) The tree is encompassed in a 3D
matrix of voxels where each voxel contains a density of foliar surface. Voxel size is not on scale.
b) The projection of the density of material (foliar surface) over the XY-plane, XZ-plane and YZ-
plane.
2.2.3. Simulation of HP with ULooPS
A ray tracing algorithm was used to simulate HP from simulated forest stands. The ray tracer
dedicated and developed for this purpose, ULooPS (Upward Looking Photography Simulator,
adapted from Fournier et al, 1996) (i) simulated the caméra position set-up used for HP
acquisition, (ii) simulated the technical spécification of the fisheye lens and caméra system, (iii)
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used the exact position of the trees in each test site, (iv) identified the DBH of each tree, and (v)
placed accordingly the 3D matrix of voxels providing wood and foliage density at every location
of the scenes. ULooPS launched rays from the focal point of the fîsheye lens. The géométrie
configuration of the camera-fisheye system was replicated: height from the ground of the system
(focal point), azimuth orientation, and lens viewshed. The central pixel of ail simulated HP
corresponded to the zénith angle 0° and the field of view covered the entire hemisphere. The
(x,y)-position of the caméra was specified in the same reference system used to locate the tree.
Tree heights were obtained from available species spécifie allometric relationships which related
DBH with height. Those relationships were calculated from linear régressions using in situ
measurements within the test sites. Tree crowns were represented by a 3D matrix of voxels
generated by the VoxTreK model. Reconstruction of the simulated forest site within ULooPS was
done by placing a modeled tree at ail tree locations of the scene as identified from field
measurements. For each (jc,yj-position, a tree model was chosen in a catalogue according to its
species and DBH. A random azimuth rotation was applied to every tree on the virtual forest site
to decrease the chance of having répétitive structural pattem in the simulated forest canopy. The
area outside of the documented test site was populated with a clone of the documented test site
assuming that test sites were représentative of a larger area. Therefore the extended virtual forest
used to simulate HPs used the same site statistics (DBHs, species, tree inter-distances, etc.),
which allowed us to reproduce the strong light atténuation observed at high zénith angles (near
the horizon). A probability of light transmission through the canopy (Pj) was computed for each
ray intercepting one or multiple tree crowns, following a Poisson distribution:
/•,= nexp[-G-s, (2-1)
voxel=l
where n is the number of intercepted voxels by the ray, G=(2/K)*sin((p) is the projection
coefficient assuming an azimuthal symmetry with the zénith angle (p, Svoxei = 2/cos((p) is the path
length (in m) with z the vertical distance and D the density (in m"') of foliar surface material. A
random variable U between 0 and 1 was generated for each pixel to détermine if there was a gap
in the eanopy, taking in considération the probability of obstruction: 1-Pt < U. A binary image
was then produced with values of 0 and 1 for interception and gap respectively.
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2.2.4. Evaluation of architecture models and HP simulations
The évaluation of VoxTreK architectural model was done by using the catalogues of tree models
and their respective 3D matrix of voxels for each test sites. VoxTreK was confronted with
existing approaches at différent levels of détail but with the same scene scénarios, i.e., site
configuration, model characteristics and voxel représentation. The comparison with coarser
architectural models served to evaluate the relative précision gained with the use of gradually
more detailed model with VoxTreK providing the most détails to reproduce coniferous canopy
structure. Two coarser architectural models were used to simulate crown and canopy level for
ECOLEAP-FM site. The first coarse modelling approach, called hereafter Layer, is a turbid
médium approach where ail foliar surface of the test site is distributed within a homogeneous
horizontal layer of végétation represented as a rectangular prism extended over the entire forest
canopy. The average density of foliar surface found in the catalogue of ail the trees modeled for
that site was used as the density value of the Layer. The Layer's thickness was calculated as the
average of ail live crown heights for the simulated forest site. The second coarse modelling
approach, called hereafter Ellipsoids, is a hybrid approach using a géométrie shape within which
canopy components are distributed and also considered as turbid médium. Foliar surface is
therefore spread equally within an ellipsoidal crown with random inclusion of gaps. The same
tree crown spatial extents as well as the same amount of foliar surface were used with the
Ellipsoids model and VoxTreK. As a complément of validation, the BOREAS SSA-OJP site has
been reproduced with an architectural model fmer than VoxTreK: the vectorization method
(Landry et al., 1997). A comparison of VoxTreK with a more detailed architectural model was
done by inspecting the resulting HPs from both models. HPs were generated with ULooPS for ail
stations within the test sites where photographs were taken. In situ and simulated HPs from ail
modelling approaches have been compared by analysing gap fraction distribution. This was done
to assess the relative performance, strengths and weaknesses of VoxTreK to reconstruct forest
canopies. Finally, "known" LAI values calculated from reconstructed stands with VoxTreK were
compared to LAI values extracted from the respective simulated HPs to exemplify the potential
rôle of architectural modelling in HP application development.
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2.3. Results and their interprétation
2.3.1. Simulated forest stands and HPs
The parameterization of the forest architecture model VoxTreK was based on measurements,
whenever available and on reasonable working assumptions otherwise. Parameters requiring
attention include (i) the amount of foliar surface per branches and tree height, (ii) modelled
branch thickness, (iii) voxel size and (iv) scene dimension. Firstly, foliar surface and tree height
for the reconstructed tree models were calculated following the allometric relationships presented
in Table 2-2. An allometric relationship for tree height on Le Bray site was unavailable, which
led us to generate tree heights randomly considering that in situ measured height values ranged
between 13 to 15 m. Secondly, the thickness e of the 3D kites was used to adjust the averaged
density of foliar surface in the branch transferred in the 3D matrix of voxels. The density has an
impact on gap fraction because a great material density in a voxel penalizes the chance to have a
gap. We decided after comparing with différent branch thickness on each test site to take values
of 0.25, 5, 10 and 12 cm which provided overall better results for ECOLEAP-FM, BOREAS
SSA-OJP, BOREAS NSA-OBS and Le Bray sites respectively. Simple rules of thumb linking the
branch thickness to typical size of foliage tufts or foliage clusters helped us fmding those values.
Thirdly, the size of voxel was fixed to 5x5x5 cm for every test sites that allowed having a
common reference while reaching a fine détail in canopy description for evaluating the model.
Eourthly, the simulation of test sites required extending the spatial limits of the plot where
measurements were taken. The scene viewed in ail HP encompasses a large area centered at the
plot. Therefore we extended the measurement plot to be able to re-create light atténuation by the
canopy as seen on HPs at ail zénith angle, particularly those towards the horizon. Scene extension
was achieved through cloning of simulated forest plot on a very large spatial extent for three of
the test sites: ECOLEAP-EM, BOREAS NSA-OBS and Le Bray. Site statistics were used to
increase the spatial extent of the BOREAS SSA-OJP site to be consistent with the configuration
used in Landry et al. (1997). With ail model and scene parameters known, VoxTreK was used,
through the voxelization process, to simulate each test site and ULooPS was used to simulate
HPs.
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Table 2-2: Allometric relationship used to calculate branch leaf area (v5 branch diameter Db) and
tree height (v.y DBH) for each test site. Nb(/) is the leaf area of a branch of âge i.
Validation Site Branch Leaf Area (m ) Tree Height (m)
ECOLEAP FM
BOREAS NSA-
OBS
BOREAS SSA-OJP
Le Bray
exp(-6.463 + 2.245 In(Db) + 0.338/2)
[RMS = 0.34]
exp(-0.666 + 1.592 In(Db) + 0.1612/2)
[RMS = 0.16]
exp(-2.138+ 1.152 In(Db) + 0.2382/2)
[RMS = 0.24]
Nb(l) = (Db^)'^°^(0.254 h + 0.026)'^"^^
[RMS = 0.36]
Nb(2) = (Db^)"'®(0.159 h + 0.051)'^'^
[RMS = 0.27]
Nb(3) = 0.133 - 0.153 Nb( 1 ) + 0.230 Nb(2)
[RMS = 0.07]
8.9066 ln(Dfif/)-11.087
[R' = 0.79]
O.OOOOliDBH)^- O.OAliDBH)^
+ 1.5855(Dfi//)- 1.0696
[R' = 0.91]
O.OOmOBH)^ -0.0S53{DBHf
+ 0.6687(DR//) +0.8551
[R^ = 0.52]
Scene production and HP simulation faced several practical issues to be resolved. For instance,
the transfer from the tree géométrie représentation (3D kite branch models) to the scene
composed of voxels (3D matrix of foliage density) resulted in some loss of leaf area (Table 2-3,
5"^ column) because of algorithmic considérations: small canopy elements like branches that did
not intersect with at least one of the 9 points (8 vertices -1- center) of any voxels were ignored.
Thus the 3D matrix of voxel contained a similar but somewhat smaller amount of tree material
compared with the original tree model made by VoxTreK. However, this effect results in an
average réduction in plant materials of about 7%, with a maximum (worst case scénario) of 20%
over the test sites. Another modelling issue is the limited number of trees available in the tree
modelling catalogue to represent the entire scene. The main characteristics of the ail tree models
for the test sites are given in Table 2-3. Nonetheless, the structure variety of the tree models from
différent hierarchical classes, combined to the random azimuthally rotation applied on each
instance to avoid spurious frequencies, was assumed adéquate to reach a realism close to what is
observed with in situ HPs. As a last modelling issue, we had to select an image size that provided
sufficient level of détails while remaining within practical simulation time given the computer
resources available and selected algorithms. HPs were produced using ULooPS with image
dimension of 1024x1024 pixels which took between 6-7 hours per image (Figures 2-6 and 2-7).
Direct évaluation of the architecture model is very difficult with in situ measurements. Instead,
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our modelling approach was evaluated by comparing in situ and simulated HPs gap fraction
distribution.
Table 2-3: Characteristics of the tree models used to reconstruct each test sites. The loss of leaf
area due to small branches ignored during the voxelization process is indicated for each tree
model.
Test Site DBH
(cm)
Crown Volume
(m')
Leaf Area
(m')
Loss of Leaf Area
(in m^and %)
ECOLEAP 11.8 25.33 12.4 1.6(11%)
FM 23.7 207.71 111.4 27.8 (20%)
16.3 129.90 121.7 18.0 (13%)
26.2 231.49 218.3 14.0 (6%)
29.3 210.92 219.4 43.6 (17%)
BOREAS 13 18.84 8.4 0.1 (1%)
NSA-OBS 12.9 38.78 21.5 0.4 (2%)
11.8 19.22 25.0 0.2(1%)
17.5 31.94 25.2 0.3(1%)
BOREAS 11.8 43.11 12.3 0.2(1%)
SSA-OJP 12.8 32.64 13.0 0.6 (5%)
10.2 73.82 13.5 0.2 (2%)
10.4* - 18.89 -
12.5* - 38.15 -
17.9* - 76.61 -
Le Bray 20.5 42.89 46.5 4.9 (10%)
24.5 82.08 69.4 1.0(1%)
33.5 287.98 155.6 6.0 (4%)
38.3 346.71 197.6 6.3 (3%)
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Figure 2-6; Examples of in situ (left) and simulated (right) HPs segmented using a single value
threshold for ECOLEAP FM (top) and BOREAS NSA-OBS (bottom). Fuzziness observed on the
simulated photographs is due to the random assignment of gaps during the simulations with
ULooPS.
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Figure 2-7: Examples of in situ (left) and simulated (right) hemispherical photographs segmented
using a single value threshold for Le Bray (top) and BOREAS NSA-OJP (bottom). Fuzziness
observed on the simulated photographs is due to the random assignment of gaps during the
simulations with ULooPS.
2.3.2. Gap fraction analysis
The primary physieal properties of plants that can be retrieved from HP measurements concern
the number, size and shape of gaps in the canopy: these characteristies indirectly provide some
information about its structure. The statistical distribution of gaps is often exploited to estimate
the Leaf Area index (LAI) of the canopy. Gap fractions were calculated with the Gap Light
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Analyser (GLA) software"^ for zénith angular intervais, or rings, of 5°. A single threshold value
was used to segment every HP described in Section 2 and its value was seleeted depending on the
shape of image histogram. Normally, this histogram shows two major peaks eorresponding to a
dark (material) and clear (background) zone respeetively. A 'grey' zone between tbese two peaks
cbaracterizes the pixels, or mixels, containing botb material and background eolor (usually the
sky). The threshold value was identified by taking the center of this grey zone (Fig. 2-8).
Relatively few pixels in the HP were identified as mixels and the results did not show sensitivity
to the sélection accuracy of this threshold as long as it was located around the center of the grey
zone. The angular distributions of gap fraction between zénith angle of 0° and 90° bave been
used for evaluating the eapability of the VoxTreK model to reproduee canopy architecture.
Figures 2-9 to 2-12 show the comparisons of gap fractions caleulated for zénith angle over the
entire hemisphere for in situ and simulated HPs. Standard error se was caleulated and used as
error bars:
5e = s/ (2-2)
/VÏV
with s the standard déviation and N the number of HPs on the transeet. The mean absolute
différences between the in situ and simulated values with the VoxTreK model are of the order of
4%, 11%, 13% and 5% for the field sites ECOLEAP-FM, BOREAS NSA-OBS, BOREAS SSA-
OJP and Le Bray, respeetively. Table 2-4 shows the values of the coefficient of détermination
(R^) and the value of the slope for the linear régression caleulated between the in situ and
simulated values for ail architectural models. The gap fractions eomputed for the 4 sites
reconstructed with the VoxTreK model shows a coefficient ^  of 0.90, 0.86, 0.96 and 0.90 for the
validation sites of ECOLEAP-FM, BOREAS NSA-OBS, BOREAS SSA-OJP and Le Bray
respeetively. These results show that the VoxTreK model is capable of reasonably reproducing
the typieal gap fraction of eomplex coniferous canopies observed with HP. The simulated gap
fraction values for the rings over the zénith interval 70-90° fall out of the error bars but the
highest variability is observed in the interval 0-20° for every validation site. The tree positions
measured on the forest site and those simulated vary little in absolute term. However, small
différences in positioning trees and in the spatial distribution of fine seale éléments located near
the optie axis of the fisheye lens are amplified. Therefore the gap fractions caleulated on the HPs
' http://www.rein.sfu.ca/forestrv/Dublications/downloads/gaDlightanalvzer.htm
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in that zone are subject to high variability due to (i) natural variation of tree species in the actual
forest since only one species is used in the simulated site, (ii) dead branches and trees were not
measured on the and thus were not eonsidered in the simulations, (iii) segmentation error of the
HPs, (iv) positioning error of the simulated trees, (v) errors in the géométrie configuration of the
fisheye lens and (vi) errors associated with allometric relationships used to build the tree models.
The zénith interval 0-20° was not used in the eomparisons due to the sensitivity of the gap
fraction calculation to the spatial distribution of fine scale éléments in that interval. On the other
hand, a substantial réduction of the number of gaps is observed for measurements near the
horizon where light atténuation by canopy éléments is essentially complété. Thus, the zénith
interval 70-90° offered less relevant information to retrieve canopy structural parameters from
HPs or to evaluate the model capability to reproduce the canopy architecture.
lU
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Figure 2-8: Image histogram and the threshold value (in red) used to segment the HP eentered
between the peaks corresponding to the dark and clear material respectively.
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Table 2-4: Coefficient of détermination (R ) and the slope of the linear régression between the in
situ and simulated gap fraction calculated in the zénith angle interval [0°-90°] for ail the
validation sites and architectural models evaluated.
Validation Site Architectural Coefficient of Slope of linear
Model détermination régression
Ecoleap FM VoxTreK 0.90 1.6
Ellipsoïds 0.60 1.2
Layer 0.80 2.2
BOREAS NSA-OBS VoxTreK 0.86 1.7
BOREAS SSA-OJP VoxTreK 0.96 1.5
Vectorization 0.93 1.1
Le Bray VoxTreK 0.90 1.0
Figure 2-10 shows that the simulated gap fractions fall ont of the error bars around a zénith angle
of 50° which means that the spatial variability and high foliage dumping of the black spruce of
BOREAS NSA-OBS is difficult to reproduce with the VoxTreK model. Figure 2-11 indicates that
the Jack pine of BOREAS SSA-OJP has been modelled on average with a lower foliage density
than observed in the field. In that case, the thickness e of the 3D kites could be set to accentuate
the foliage presence and reduce the number of gaps observed on the HPs. Figure 2-12 shows
some simulated gap fraction values that fall out of the error bars for rings between 40-50° which
could be explained by errors in positioning of the fisheye system. Indeed, in the case of the Le
Bray site, the exact positions of the in situ HPs taken on the validation site were unknown and
were determined by triangulation with the spatial configuration of the trees surrounding the
caméra. The comparison between VoxTreK and the 2 coarser architectural models capacities to
reproduce forest canopies is shown in Figure 2-9 for the site of ECOLEAP-FM. The gap fraction
curves for zénith angle over the hemisphere are displayed for (i) the Layer, (ii) Ellipsoids and (iii)
VoxTreK models. The mean absolute différences between in situ and simulated gap fraction
values are of the order of 9%, 8% and 4% for the Layer, Ellipsoids and VoxTreK models,
respectively. The curves on Figure 2-9 highlight the inability for the Layer model to reproduce
the spatial structural variability of ECOLEAP-FM végétation canopy, a difficulty to take into
account a level of détail fmer than the tree crown for the Ellipsoids model, and a good capability
for the VoxTreK model to simulate the détails of HPs, especially at zénith angles larger than 20°.
Figure 2-11 shows the correspondence between gap fractions of in situ and simulated HPs of the
BOREAS SSA-OJP from forest sites reconstructed with the VoxTreK model and the vectorization
method. The mean absolute différences between gap fraction values of in situ and simulated HPs
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are 13% for both the VoxTreK model and the vectorization method respectively. The similarity of
results obtained with VoxTreK and the vectorization suggests that a model detailed enough to
represent individual branches may be sufficient to reproduce forest canopies composed of Jack
pines at the same accuracy than a model including individual conifers shoot. This exercise has
documented the performance of VoxTreK compared to other architectural models with varying
amounts of détail at the level of the végétation canopy, trees crown and conifers shoot.
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Figure 2-9: Gap fraction comparisons between simulated and in situ HPs for ECOLEAP FM
validation site. [Left] VoxTreK architectural model and in situ comparison. The error bars
eorresponding to the standard error shown for the in situ and VoxTreK HPs. [Right]Three
différent architectural models are compared: VoxTreK (x-markers), Ellipsoids (o-markers) and
Layer (*-markers).
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Figure 2-10: Gap fraction comparisons between simulated and in situ hemispherical photographs
for BOREAS NSA-OBS validation site. VoxTreK architectural models HPs are displayed with x-
markers. The error bars corresponding to the standard error are shown for the in situ and
VoxTreK HPs.
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Figure 2-11: Gap fraction comparisons between simulated and in situ hemispherical photographs
for BOREAS SSA-OJP validation site. Two différent architectural models are compared:
VoxTreK with x-markers and vectorization approach (o-markers). The error bars corresponding
to the standard error are shown for the in situ, VoxTreK and vectorization HPs.
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Figure 2-12: Gap fraction comparisons between simulated and in situ hemispherical photographs
for Le Bray validation site. VoxTreK architectural models HPs are displayed with x-markers.
The error bars corresponding to the standard error are shown for the in situ and VoxTreK HPs.
2.3.3. Example of application in LAI estimation from HP
As mentioned in Section 1, characterizing the structure of a forest canopy implies collecting
information such as foliage dumping at ail relevant spatial scales, the extent of wood surface area
and the number, size, shape and orientation distribution of leaves or needles. Some of these
variables may be retrievable from remote sensing techniques, but others require direct field
observations from a variety of methods, including HP, since no single technique can provide ail
the necessary information at once. Furthermore, dumping knowledge does not necessarily lead to
an accurate évaluation of LAI if the wood to leaf surface area ratio is important, even with
modem HP methods, because of the intrinsic difficulty of segmenting such photographs into
branch and leaf materials. A realistic représentation of canopy stmcture by the mean of
architectural model could provide a method to retrieve a LAI very close to the true value for
reconstructed forest sites. However in the absence of a proper validation, we used VoxTreK to
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show that in inversion algorithms the assumptions on structural variables can alter significantly
the estimations of forest attribute. For the purpose of that example, it was assumed that (i)
VoxTreK provided a faithful 3D structural représentation of conifer forest canopies for HPs
applications and (ii) ULooPs was capable of simulating realistic HPs with VoxTreK model as the
architectural représentation. Thus, VoxTreK was used to illustrate the potential source of error in
evaluating the LAI when simplification assumptions on foliage dumping and leaf normal
distribution are used in standard HP analysis software. True values of LAI were calculated from
the simulated forest sites reconstructed with the VoxTreK model using one-half the total green
leaf area (all-sided) per unit ground surface area (Chen and Black, 1992). The truc value of LAI
was utterly known and provided an unambiguous way to compare the LAI extracted from HPs.
The simulated HPs generated with ULooPS were used as input in GLA to dérivé the effective
LAI, Le. the LAI retrieved assuming a random foliage distribution. The effective LAI were
computed for each simulated HPs and the effective LAI of the simulated forest site was obtained
as the mean of the individual effective LAI values. The values of the true and effective LAI are
given in Table 2-5. The effective LAI tends to be smaller than true LAI except for BOREAS
SSA-OJP. The smallest déviation is found for BOREAS NSA-OBS suggested that the error
committed on the dumping assumption at branches and shoots scale was reduced due to a high
dumping at the crown scale. A négative déviation in BOREAS SSA-OJP suggested that low
foliage density could yield to an apparent high amount of material in the resulting segmented
HPs. For now, it is impossible to identify and quantify the source(s) of errors in calculating the
value of LAI from HP software analysis since none provide an unbiased measure of one or more
parameters of the structure factor. Nevertheless, the déviations in Table 2-4 shows that the
assumption on the structure factor can greatly influence the extraction of végétation attribute with
HPs for différent scénarios. This simple example pointed out one of the application of
architectural model and its usefulness in the development and validation of inversion algorithms
for HPs. Realistic validated architectural models could be used both to estimate LAI by applying
inversion algorithms against the HP data as well as a mean to identify the structural variables
primarily responsible for the observed variability of LAI in realistic forest scénarios.
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Table 2-5: True and effective LAI values for the 4 virtual forest sites reconstructed with the tree
models generated with VoxTreK. Effective LAI values were computed for ail simulated HPs of
the 4 virtual forest sites with GLA software.
Validation Site True LAI Effective LAI Relative Errors (%)
Ecoleap FM 3.48 2.06 -69
Le Bray 1.88 1.22 -54
BOREAS NSA-OBS 1.78 1.73 -3
BOREAS SSA-OJP 0.53 1.59 67
2.4. Discussions
The complété exercise of development, évaluation and application showed that the use of an
architectural model could lead to significant improvement in estimating structural attributes from
HPs. VoxTreK revealed the complexity of implementing such approach for its application in HP
interprétation. VoxTreK is an intermediate model that offers a good compromise between the
level of détails and the modelling efforts for a realistic représentation of detailed structural data of
conifer forest canopies. The spatial repartition method of foliar surface within branches
implemented in the VoxTreK model, which distribute the majority of the foliage in the center and
front part of the branches, augments the realism of the distribution of transmitted radiation in
HPs, détail inexistent in the coarser models. The VoxTreK model put in light the importance of
describing faithfully the arrangement of canopy element at a level of détail where the structural
éléments influence the observation from remote sensing sensors. VoxTreK reduces substantially
the amount of data necessary to reconstruct the végétation canopy compared to the vectorization
approach while conserving a comparable accuracy in the context of HPs applications.
In the context of HPs application, an architectural model procures spécifie structural information
on canopy architecture which can be used in method development to calculate végétation
attributes. For instance, LAI estimations require that foliage dumping must be explicitly detailed
at least at the relevant scale under the studied process. Also, the wood area ratio and leaf normal
distribution must be known to verify the simplification assumption and to correct the calculation
if necessary. Providing realistic 3D végétation canopies would allow more accurate estimations
of structural attributes such as LAI. Moreover, it would offer considérable advantages to develop
novel measurement techniques that can be tested against explicit and unbiased detailed dataset on
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végétation structure. For instance, the setting up of practical algorithms to calculate dumping
(Frazer et al., 2010) could improved significantly by using an architectural model which would
provide known values of LAI, wood area ratio and leaf normal distribution.
The application domain of architectural domain dépends directly of the conditions in which they
are used. For instance, using a coarse model to help HPs interprétation where the intricate
structural éléments are relevant for evaluating végétation attributes under considération will lead
to incorrect results. On the other hand, the passing of an architectural model detailed to the
branches to another model detailed to the shoot (or leaf) can be very tedious while bringing
relatively little improvement in accuracy for extracting attributes from HPs. Trying to reproduce
3D spatial arrangement of canopy elements at the shoot scale implies generally the use of
complex algorithms and efficient memory management stratégies. Those architectural models
have been therefore under-exploited in the inversion of physical model over remote sensing
observations including HP. VoxTreK bas the advantage of reproducing the spatial distribution of
gaps at a complexity level manageable by actual computer technology. It bas the capability to
reproduce at the same accuracy the gap fraction distribution than a voxel approach detailed at the
shoot while reducing the amount of explicit measurements on tree structure. VoxTreK constitutes
a solid basis to better understand the link between the gap distribution observed with HP and
ecological process influenced by light régime in forest environment.
The architectural canopies in this chapter were coniferous forests but the same observations
would be applied for deciduous forests. In that case, other architectural models should be used to
take into account the spatial distribution of foliage less clumped within branches but more
dispersed into the crown according to light availability. In complément to HP, terrestrial LiDAR
{Light Détection and Ranging) bas been used increasingly to assess tree architecture and to
extract metrics of forest canopies (Hopkinson et al., 2004; Hosoi and Omasa, 2006; Danson et al.,
2007). Those Systems can acquire detailed measurements corresponding to 3D distribution of
canopy components at the centimeter scale. It thus provides a non-destructive way to obtain
detailed information about tree and canopy structure. Point clouds datasets resulting from
terrestrial LiDAR does not give spécifie information on canopy element geometry and properties.
Therefore, it still requires a way to synthesize and quantify the spatial information in a useful
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format. An architectural model such as VoxTreK is net well adapted to deal with such a level of
détails and would net be able to fully exploit the potential offered by terrestrial LiDAR to
describe tree and forest structure. A new architectural modeling approach have been developed in
Côté et al. (2009, 2010) that use the terrestrial LiDAR data as the main source of information on
tree structure. Incidentally, this model called L-Architect (Lidar data to tree Architecture)
surpasses VoxTreK with a fmer level of détails and requires no destructive measurements per se.
New stratégies using L-Architect are currently developed giving a faithful fme-scale reproduction
of forest canopies. Nonetheless, additional works are still needed in order to utilize that approach
in operational remote sensing applications and algorithm developments.
2.5. Concluding Remarks
In this chapter, we assessed the use of a new architectural model, VoxTreK, through a complété
exercise of model development, évaluation and application to HPs data. VoxTreK revealed the
complexity of implementing such approach for its application in HP interprétation. The
comparisons of simulated and in situ HP determined a level of complexity which was suitable to
represent forest canopies for improving estimations of structural attributes by the use of
architectural models. It has been shown that VoxTreK distances itself from three other canopy
représentations at the forest cover, tree crowns and shoot level {vectorization) respectively by its
relatively simplicity of use and comparable accuracy to the more detailed approach in the context
of HP application. The analysis of the 3D complex arrangement of forest canopy to the 2D
projected framework of HP could be facilitated by validated architectural models providing
additional structural information décisive to retrieval algorithms such as for LAI estimations. In
addition LiDAR or satellite sensors could use such detailed structural dataset to help improving
or developing novel methods to link the remote sensing imagery to end-product describing the
properties of the végétation cover. Another class of LiDAR Systems, the terrestrial LiDAR, is
particularly suited for accessing the structure of végétation but it does not provide spécifie
information on canopy élément geometry and properties. As a resuit, remote sensing imagery will
strongly benefit of the potential of architectural model adapted to terrestrial LiDAR data in
complément to forest inventory for improving mapping estimation of forest attributes.
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3. The structural and radiative consistency of three-dimensional tree reconstructions from
terrestrial lidar
La cohérence structurelle et radiative de reconstructions en trois dimensions d'arbres à partir d'un
lidar terrestre.
Auteurs ; Jean-François Côté, Jean-Luc Widlowski, Richard A. Fournier et Michel M. Verstraete.
Article publié dans « Remote Sensing of Environment », numéro 113, 2009, pp. 1067-1081.
Résumé ;
Une nouvelle méthodologie est proposée pour reconstruire l'architecture d'arbres en 3D à partir
de scans LiDAR terrestres (TLiDAR). La méthodologie est robuste et relativement peu sensible
aux artéfacts présent dans 3D nuages de points TLiDAR induit par le vent et l'occlusion. Une
évaluation quantitative des caractéristiques structurales, comme les profils verticaux de la surface
foliaire et du bois, ainsi que la distribution de l'orientation des pousses, a été réalisée. En raison
des difficultés d'acquérir des estimations fiables et précises de ces paramètres sur le terrain, une
méthode d'évaluation novatrice a été choisie qui reproduit les scans TLiDAR et le processus
ultérieur de reeonstruction d'arbres dans un environnement virtuel. Dans une deuxième étape, les
modèles d'arbres reconstruits ont été utilisés comme intrant dans un modèle de transfert radiatif
3D validé pour simuler à la fois leurs signatures de réflectance (observables par les instruments
satellitaire) et leurs propriétés de transmission directionnelle (mesurables au cours de campagnes
terrain) sous différents scénarios de longueur d'onde, d'illumination et de densité d'arbres. Les
résultats de ces évaluations confirment la pertinence de l'approche proposée de reconstruction de
modèles d'arbre pour la génération fidèles radiativement de copies de plantes existantes et
d'architectures des couverts.
Mots-clés : Modèle d'architecture d'arbre, LiDAR terrestre; structure d'arbre, modèle de
réflectance de couverts végétaux, simulations de transferts radiatifs.
75
The structural and radiative consistency of three-dimensional tree
RECONSTRUCTIONS FROM TERRESTRIAL LIDAR
Jean-François Côté Jean-Luc Widlowski
Richard A. Fournier " and Michel M. Verstraete
' Centre d'applications et de recherche en télédétection (CARTEL), Département de géomatique appliquée.
Université de Sherbrooke, Sherbrooke, Québec, JIK 2R1, Canada
E-mail: Jean-Francois.Cote@USherbrooke.ca (corresponding author).
'' Global Environment Monitoring Unit, Institute for Environment and Sustainability, European Commission - DG
Joint Research Centre, 1-21020 Ispra (VA), Italy.
Abstract
A novel methodology is proposed to reconstruct 3D tree architectures from terrestrial LIDAR
(TLiDAR) scans. The methodology is robust and relatively insensitive to wind- and occlusion-
induced artefacts in the 3D TLiDAR point clouds. A quantitative évaluation of structural
attributes, like the vertical foliage and wood area profiles, as well as the shoot orientation
distribution, was performed. Due to the difficulties of acquiring reliable and accurate estimâtes of
these parameters in the fîeld, a novel évaluation approach was chosen that reproduces the
TLiDAR scanning and subséquent tree reconstruction process in a virtual environment. In a
second step the reconstructed tree models were ingested in a validated 3D radiative transfer
model to simulate both their réflectance signatures (observable by space borne instruments) and
directional transmission properties (measurable during field campaigns) under varions spectral,
illumination and tree density scénarios. The results of these évaluations confirm the
appropriateness of the proposed tree reconstruction model for the génération of structurally and
radiatively faithful copies of existing plant and canopy architectures.
Keywords: Architectural tree model, terrestrial LiDAR, tree structure, canopy réflectance model,
radiation transfer simulations.
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3.1. Introduction
Due to their ability to capture the three-dimensional (3D) spatial arrangement and structure of
végétation canopies, terrestrial light détection and ranging (TLiDAR) Systems have received a lot
of attention in forest management, ecology as well as remote sensing and urban planning
applications (Lovell et al., 2003; Chasmer et al., 2006; Omasa et al., 2007). TLiDAR Systems
record the 3-D position of objects within the scanner field of view by measuring the time delay
between the transmission of a laser puise and the détection of the return puise reflected from the
target. They can provide permanent 3-D records of canopy structure and detailed information
about forest canopy architecture. TLiDAR have been used for estimating dendrometric
parameters in forests (Simonse et al., 2003; Hopkinson et al., 2004), the leaf surface density of
individual trees (Hosoi and Omasa, 2006) and to measure directional gap fraction of forest
canopy (Danson et al., 2007) to name a few. Efforts have also been made to reconstruct the stem
and branch structures from TLiDAR scans (e.g., Pfeifer et al., 2004; Cheng et al., 2007).
Recently, Xu et al. (2007) developed an approach for producing polygonal models of trees
reconstructed from TLiDAR scans. These efforts are nonetheless highly dépendent of the quality
(e.g. sampling frequency, scanning speed, etc.) of the scans acquired with TLiDARs. The
reconstruction of wood and foliage éléments can become difficult when the scans are of
insufficient quality and this constraint has prevented an explicit régénération of 3-D tree
architecture so far. This is primarily due to the technical constraints of the scanning systems and
the difficulty of overcoming adverse environmental conditions that exist during data acquisition.
For example, TLiDAR scans made in natural forest environments usually require dealing with
différent levels of obstruction between the varions végétation components (Hopkinson et al.,
2004). In addition, the presence of mild to moderate wind conditions will resuit in noisy results
from TLiDAR scans due to the erratic motion of the smaller tree constituents (branches, twigs,
foliage). The co-registration of multiple TLiDAR scans of a given tree object, acquired from
différent view angles, will thus lead to artificially dense 3D point clouds. Data post-processing
techniques are required to deal with these and other issues that influence the quality of the end-
product such as (i) the presence of structural éléments that are fmer than the resolving power of
the laser scanner, e.g., individual needles in a conifer shoot, (ii) the lack of explicit information
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about leaf or shoot/needle inclination, and (iii) the spatial density of the laser beam per unit
volume (Hosoi and Omasa, 2007).
Overcoming these difficulties would permit to bave access to explicit descriptions of the 3D
structure of plants, trees and entire canopies. This would also enable us to improve our
knowledge in a whole range of applications ranging from fire risk modelling to forest
management stratégies, from light availability studies to carbon fixation processes, and from
biodiversity indicators to water runoff modelling, to name but a few. Unfortunately, such detailed
datasets that describe the 3D structure of entire canopies in an exhaustive manner do not exist and
these issues can only be addressed with statistical représentations of plant and tree architectures
(e.g. AMAP: Godin et al., 1999; L-Systems: Prusinkiewicz and Lindenmayer, 1990). Difficulties
with representing tree architecture arise, however, when dealing with mature trees in complex
environments where irregularities in recursive branching as well as the shedding of branches and
their reorientation occur due to variable external factors that are difficult to quantify and/or
predict (Runions et al., 2007).
In the context of optical remote sensing of forested areas, having access to detailed 3D tree and
canopy architecture information of existing forest stands would enable a completely new
approach to the validation of space home measurements and derived products. For example, point
clouds of forest canopies taken by a TLiDAR could be used in conjonction with validated
radiative transfer (RT) models to evaluate current méthodologies that convert local light
transmission measurements into leaf area index (LAI) or the Fraction of Absorbed
Photosynthetically Active Radiation (FAPAR) information. Altematively, optimised sampling
sehemes eould be devised, for individual long-term validation sites of remotely sensed data and
products, which account for the structural specificity of that test site, its ambient lighting
conditions as well as the choice of instrument used to perform the in situ measurements. In an
attempt to move towards such RT model aided validation sehemes, we propose to describe and
evaluate a methodology that allows for the reconstruction of plausible 3D tree architectures
(eontaining both wood and foliage elements) from a sériés of TLiDAR scans minimising the
impact of adverse effects like wind and occlusion. The goal here is thus not to build identical
copies of individual trees but rather to generate 3D tree architectures that are as close as possible
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to the observed individual trees, both in terms of their structural attributes as well as in terms of
their reflected and transmitted light signatures.
The quantitative validation of the structural and radiative characteristics of reconstructed tree
models is not a trivial task. To do this properly would require the gathering of vast amounts of
géométrie and spectral field data, as well as concurrently acquired and atmospherically corrected
remote sensing measurements. Nevertheless, some of the structural parameters of interest would
be very difficult (e.g., vertical leaf and wood area profiles) if not impossible (e.g., foliage
orientation distribution) to measure accurately. Furthermore, measurement uncertainties
associated with the reference dataset might prevent a conclusive comparison of the original and
reconstructed structural/spectral properties. This would likewise prevent the effective comparison
of simulated and measured canopy réflectance properties. Although activities to evaluate tree
reconstruction model against (destructive) field measurements are underway, it was decided - for
the purpose of this study - to evaluate both the structural and radiative fidelity of a sériés of
reconstructed tree models without having to deal with unknown or ill-quantified sources of
uncertainty in the reference dataset.
TLiDAR scans are made from several positions (from 3 to 5) to reduce the occlusion problem.
Post-processing is applied to integrate the point clouds from ail position into a Consolidated point
cloud. A tree model, hereafter called the 'reference', was reconstructed based on the Consolidated
cloud points of TLiDAR scans taken from in-situ trees. For the purpose of validation we propose
a novel approach to produce a 'second génération'' tree model, the 'reconstructed' tree model. It
is produced by using a ray tracing algorithm which simulâtes the measurement configuration of
the original TLiDAR scans but on the reference tree model. Finally, the same tree reconstruction
algorithm was applied to the reference trees to produce a new virtual reconstructed tree model. In
this way the varions structural properties of the reconstructed tree model generated from the
simulated LiDAR point cloud may be compared in an unambiguous manner with the reference
tree. Also, it is possible to obtain an unbiased évaluation of the proposed tree reconstruction
technique, even for structural attributes that would be very difficult to measure in the field. This
évaluation procédure can, however, still be taken one step further, namely, by ingesting the
reference and the reconstructed tree models into a validated radiative transfer (RT) model that
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simulâtes their réflectance and transmission properties. Since these simulations will be performed
under identical illumination conditions and with identical spectral and directional scattering
properties of foliage, wood and background, any resulting différences can be directly attributed to
the structural différences between the reference and the reconstructed tree models.
3.2. The tree reconstruction mode!
This section describes a modelling approach that enables the faithful reconstruction of three-
dimensional tree architectures based on the use of point clouds from TLiDAR scans. More
specifically, a sériés of 3D point clouds from TLiDAR scans were aligned and converted into a
sériés of segments geometrically and topologically connected for the représentation of a tree,
taking both the wood and foliage components into account. To achieve this goal, the proposed
algorithm uses the range (distance) and intensity information of the TLiDAR scans (i) to extract
vital dues on the main branching structure of the tree (i.e., the shape of the trunk and the main
branches), (ii) to use that skeleton to add other branches at locations where the presence of
foliage is very likely, and (iii) to iteratively use the availability of light as a criterion to add
foliage in the center of the crown where TLiDAR information is sparse or absent due to occlusion
effects. As such, the proposed algorithm will not yield an exact copy of the original plant
structure, but rather aims at minimising the impact of adverse factors - like wind, occlusions and
the presence of sub-resolution structure elements - while delivering a faithful reconstruction of
tree architecture from those scans. For example, even a weak breeze will move the finer branches
and foliage elements of a crown. This, in tum, tend to resuit in a co-registered 3D point cloud that
appears denser than the real tree crown (swaying branches and foliage elements at différent x,y,z
positions appear in several line scans of the TLiDAR dataset). Similarly, the natural tendency of
foliage elements to grow outward and orient themselves towards the light source and their
opacity in the spectral range of the TLiDAR inevitably prevents the light puises from penetrating
deeply in this portion of the canopy crown where leaf or needle density is appréciable. This can
be remedied somewhat by acquiring multiple TLiDAR scans from différent view angles. In
conifers the individual foliage elements (needles) are often tightly grouped together into shoots
which may not be resolvable with some of the current génération of TLiDAR, in particular if the
trees are tall. Scanning tall trees generally requires locating the TLiDAR further away from the
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tree which results in reducing the effective resolution of the instrument and increasing the
occurrence of obstructing objects. The tree reconstruction model that is proposed here is capable
of overcoming or minimising many adverse factors. Figure 3-1 illustrate the modelling process
by showing a targeted tree, its co-registered 3D point cloud generated from three point clouds
taken at différent view points by a TLiDAR, and the reconstructed tree model.
Initial tests of the tree reconstruction procédure were done with TLiDAR scans from two
coniferous forest sites, located in Canada and France, respectively. Four individual trees,
belonging to 4 différent coniferous species, were chosen to generate tree models that would
subsequently serve as 'references' in the évaluation procédure of the tree reconstruction model
(section 3). The four coniferous trees were scanned with the TLiDAR Ilris-3D of Optech Inc.
(www.optech.ca). This System opérâtes at ISOOnm and scans within a maximum field of view
window of 40°x40°. The beam divergence is 0.00974° and the minimal spacing between two
beams is 0.00115°. The acquisition mode allows the recording of the first or last return 3D
position as well as the intensity of the returned signal. A Douglas fir (Pseudotsuga menziesii), a
western red cedar (Thuja plicata) and a western hemlock (Tsuga heterophylla) were scanned from
Malahat and Shawnigan expérimental sites (Vancouver Island, Canada) in October 2005. An
Aleppo pine (Pinus halepensis) was scanned from the site of Bois-des-Roussettes (Aix-en-
Provence, France) in September 2007. The number of scans per individual trees varied from 3
points of view for the western red cedar, western hemlock and Aleppo pine to 5 for the Douglas
fir. If we normalize values at 15m, ail trees at the Malahat site (Douglas fir, western cedar and
western hemlock trees) were scanned with a mean beam density of 3mm, and the Aleppo pine
were scanned at 4.7mm. Depending on tree height, the TLiDAR scans were acquired at distances
from 20 to 50m from the target. First return acquisition mode was selected for ail sites. The 3D
point clouds taken by the TLiDAR from différent view points were aligned into one géométrie
coordinate System with the software Pointstream 3DImageSuite (http://www.arius3d.com/). The
alignment procédure for multiple points of views is done iteratively two by two. An initial step
matches at least 3 reference points common to both point clouds. Then, in a second step an
alignment procédure merges both individual point clouds into one aligned and registered (co-
registered) point cloud. From this new co-registered point cloud the same procédure is repeated
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iteratively for the remaining individual point clouds. The alignaient accuracy provided by the
software gave a root mean square error of less than 4mm"'' for ail the co-registered point clouds.
The rest of the section explains the conversion of a 3D point cloud into coherent 3D tree
architecture as illustrated in Figure 3-2.
In Situ Tree 3D Point Cloud Tree Model
7^
M'.
Figure 3-1: [Left] Original photography and scanning configuration of an Aleppo pine tree with a terrestrial LiDAR
llris-3D of Optech. [Center] Aligned Scans from 3 points of view. [Right] Computer generated tree model.
3.2.1. Branch structure génération
Once the multiple scans of a scene taken by a TLiDAR are registered and aligned, points were
selected based on their intensity. Conifer foliage tends to be darker than wood components
because (i) foliage and woody material possess différent spectral responses at ISOOnm and (ii)
most woody surfaces in such environments possess a larger contact area per laser puise than do
leaves or conifer needles which thus do not reflect ail incident puise energy. Therefore selecting
the brightest/darkest points of the 3D point cloud acquired select the returns associated to
Pointstream 3DImagesuite does not specifically provide how the root mean square error is calculated thus this error
is merely an indicator on how well the différent point clouds are matched.
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woody/foliage structures. The 3D point cloud A'^is thus divided into two subsets Nw and Nf for the
N ZD N [j N
wood and foliage components, respectively, where — / . The sélection of points was
performed by using two différent threshold values tf, tw, that were applied throughout the intensity
image to select points belonging to wood (intensity > t^) and foliage (intensity < tf). The values of
tf, tw were chosen manually according to the bright/dark criterion (mentioned above) only. Under
natural conditions, it is difficult to infer typical réflectance values for foliage or wood material
due to (i) specie-specific spectral response and (ii) variability in surfaces' orientation which
changes the preferred direction of the reflected puise energy. The choice of two différent
threshold values resulted in the removal of points with intensity between tf and tw {tf < tw). If
necessary, further processing of the point cloud Nw may remove outliers, noise and unwanted
parts by using manual sélection tools available in Pointstream 3DImagesuite. It might also be
required to fill in or repair some important parts to the main branching structures (e.g., trunk,
main bifurcations, etc.) that bave been under-sampled due to extemal conditions (e.g., winds,
object occlusion). This procédure consisted in adding points on the under-sampled object surface
using tools available in Pointstream 3DImageSuite such as to bave the 3D surface of the scanned
object sampled in an exhaustive manner. Obviously the same process can also be applied to Nf.
The point cloud Nw then served as input to the skeletal curve extraction algorithm adapted to
handle the noisy point cloud through to the use of adjustable parameters. Further détails on this
algorithm can be found in Verroust and Lazarus (2000). In brief, the algorithm generates
connected curves that are organized like a tree from the scattered 3D point cloud Nw- A
neighbourhood graph is built on Nw, where every point in Nw is attached to k nearest neighbors.
The value of k is set to produce realistic skeleton silhouettes of trunk-branches pattems. In a
further step, the Dijkstra algorithm (Cormen et al., 1990) is used to fmd the shortest path between
a pre-selected root point (in Nw) acting as the source point and every other point in Nw. The
algorithm retums the paths and the Euclidean distance separating the root point and one another
point which are called géodésie distance. A sériés of level sets composed of ail the points located
at the same géodésie distance are extracted to be structured as a tree data structure. To do so,
skeletal curves are built across the centers of each level sets (called node sets) to generate a
primary skeleton composed of the trunk and some principal branches. This skeleton is an oriented
(i.e., from the root to the tree top) tree structure {V, E), with Fbeing the x,y,z center locations of
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the connected node sets and E being the vectors (called edge sets) linking two subséquent node
set centers.
Building the branching structure dépends on a set of attractors chosen as input to an
algorithm of colonization that is described in Runions et al. (2007). An attractor represents an
empty région where one or multiple branches can grow. The ensemble of TLiDAR points
identified as Nf are ideally suited to act as attractors since branches can be expected to grow
towards volumes where foliage is identified. The logic behind this is to assume that branches
support foliage thus the amount of final branching structure of a reconstructed tree is proportional
or is 'attracted' by the amount of foliage points. Parameters of the algorithms allow modifying
the spatial distribution of branches within the empty space. The number of attractors bas an effect
on the density of branches with fewer attractors leading to a sparser branching structure. The
algorithm opérâtes over ail attractors ^. At each itération, an attractor a influences a
node V e V jf thg distance between a and v is less than a radius of influence <7,. This radius
Controls the distance from which a branch can sense the influence of an attractor. Generally
speaking, an absolute decrease of the radius dj results in a wavy skeleton while relatively high
values of di results in a skeleton with long straight segments. The set of attractors influencing a
node V is denoted as . If 5(v) is not empty, a new node v'= v + jg attached to v with a
segment e = {v, v'), where:
n  , ^ 5-V
n = Tj—ii and n= y m ii
H  .e5(v,|5-v||
When ail new nodes are attached to the branching structure, the algorithm removes the attractors
whose distance from the closest node (segment) is lower than a threshold distance dk. This
threshold controls how close a branch can get to an attractor. Thus decreasing dk favours the
addition of small branches and twigs while increasing dk leads to a smoother and sparser skeleton.
Each new node v' and segment e contribute to augment the skeleton (V, E),
with^ = V U V and E = E\Je procédure is repeated until the set of foliage attractors A is
empty; it generates the main branching structure that will subsequently support the foliage, as
well as a few additional minor branches if necessary. The radius r of each branch is calculated
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following the pipe model, where the cross-sectional area of a branch equals the sum of cross-
sectional area of ils c child branches:
(3-2)
where r, is the radius of the i'*' children and P ranges generally between 2.49 and 3 for mature
trees (Shinozaki et al., 1964; Taylor-Hell, 2005). Exploiting intensity and range information from
TLiDAR point clouds in conjunction with algorithms to generate tree skeletons thus yields a
plausible reconstruction of a tree's branching structure.
3.2.2. Addition of foliage to the branch structure
The next algorithm step for the tree reconstruction model deals with the addition of foliage
around the newly generated skeleton varions branch segments. Foliage properties differ from
species to species and dépend also on the âge of the plant (young vs. mature) as well as on
external environmental factors (e.g. water content and nutrients). The four tree species that were
used in this study are ail conifers. However, rather than using four différent needle and/or shoot
structures, a generic conifer shoot structure (Figure 3-3, inlaid panel) was used for ail 4 species.
This was partly justified by the lack of detailed information conceming actual shoot structures
and by the virtual context in which the tree models were evaluated. The shoot structure used in
this study was composed of four éléments: 1 "mature" shoot supporting 3 new shoots attached
with branching angle chosen as -50°, 0° and 60°. The structure for each of the four éléments
follows the model of Smolander and Stenberg (2003) and features identical numbers of needles
(190). The mature shoot had longer (15 vs. 7.7 cm) and broader (3 vs. 1.5 mm radius) needles
than the three young shoots. The needle spatial distribution of one shoot assumed [i] a constant
radius (0.46 mm) and length (2.85 cm) of the shoot's central twig, [ii] a constant angle between
the shoot's axis and a needle (40.5°), and [iii] a constant fascicle angle between pairs of needles
(40.5°). The angle distribution around the axis followed a Fibonacci sequence with a divergence
angle of 8/13*271. That shoot structure was reused for ail conifer trees to reduce the requirements
already high for computer memory.
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Figure 3-2: Conceptual diagram of the modelling approach.
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Before adding the foliage, the branching structure created in section 2.1 was translated into a
format compatible with an open L-System growth grammar (Mëch and Prusinkiewicz, 1996). L-
Systems served to encode and represent the architecture of the plant. The L-System growth
grammar consists of two sets of production rules that are applied to ail hranch segments in order
to add the foliage. The first set of production rules assumes that every tip of a branching structure
supports foliage, since the attractor points used to grow the hranch structure corresponded in ail
likelihood to actual foliage elements. The second set of production rules adds new shoot
structures according to the light availahility at the center point of a given segment in the crown.
The latter is evaluated with a simple light transmission model Computing the numher of gaps that
exist ahove a given segment's position. To do this, the scene is partitioned with a tight 3D matrix
of small voxels (here, 0.3 x 0.3 x 0.3 m^), where each voxel can he characterized hy the plant
properties (such as area density) within its volume. Light sources are positioned on a horizontal
plane ahove the tree crown. A ray is launched from the center point of the segment to the
direction of each light source position, and the prohahility of obstruction Pq is computed in
accordance with a Beer's law, assuming a spherical angular distribution of canopy elements;
= 1 - n Dvoxel 1^]
voxel (3-3)
For each voxel hit hy a ray at zénith angle 6, Dyoxei is the plant area density and Syoxei= z/cos(d) is
the path length of the ray, with z heing the projection of the path onto the vertical direction. We
assign a gap if Pq < U, with C/heing a random variable in the interval [0, 1]. The numher of light
sources or maximum numher of gaps viewahle from the segment's location was set to 9 as a
compromise hetween the simulation accuracy of the light transmission model and computation
time. We ohtained visually realistic results hy adding new foliage elements when 6 out of the 9
availahle light sources were visible without obstruction (i.e. through gaps) from the segment. In
that case, our criterion was hased on the visual aspect of the foliage repartition within the tree
crown according to the original photography of the tree. Ail new shoots were randomly rotated
before heing attached to the location of the segment. Despite the simplified nature of this light
transmission model, it enahled practical addition of foliage in the center of a tree's crown on a
défendable principle, where information on the distribution of objects is often not availahle from
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the 3D point cloud taken with the TLiDAR. Unfortunately, both the occurrence of wind and
occlusions prevented the use of the subset point cloud 7//as a criterion 1) to end the process of
foliage addition inside the tree crown, and 2) to evaluate the faithfulness of the foliage
distribution within the tree crown (and also for the entire tree reconstruction process). Therefore
the proposed tree reconstruction model used either a qualitative (e.g., visual match appearance) or
quantitative (e.g., leaf area match) constraint to terminate the foliage addition process.
The four trees that were scanned with the TLiDAR Ilris-3D were rebuilted with the methodology
described in Figure 3-2. Figure 3-1 shows firstly the reference Aleppo pine tree target in the
forest with secondly the co-registered 3D point cloud generated from the first retums of three
TLiDAR scans of the reference Aleppo pine, and thirdly the reconstructed Aleppo pine tree
architecture. Différences between the reference tree and the aligned 3D point cloud are clearly
apparent and resuit from the moderate wind conditions during the three TLiDAR acquisitions.
Nevertheless, the proposed reconstruction algorithm was able to produce a visually faithful
reconstruction of the overall Aleppo pine tree structure, despite these unfavourable measurement
conditions.
3.3. Evaluation of architectural tree properties
Rigorous évaluation of the tree reconstruction procédure would require access to an exhaustive
list of structural attribute values of the reference tree. The structural characteristics are of
particular interest here because of their significant rôle in the context of canopy réflectance
modelling of forested targets, i.e., woody content, foliage area, foliage orientation and
distribution. Unfortunately, no dataset exists with the exact x,y,z location (and orientation) of
individual foliage elements, twigs, and branches in a tree. We overcame this limitation by
simulating the 3D point cloud of the TLiDAR scans for the reconstructed trees. This way to
proceed generated a set of 'second génération' trees for which we could compare ail structural
détails with the original version of the reconstructed tree model.
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Figure 3-3: Examples of tree models. [Left] Reference western hemlock tree mode! and
reconstructed tree model using a fixed number of shoots to terminate the foliage addition process
(FIX). [Right] Reference western red cedar tree model and reconstructed tree model using a
Visual comparison (VIS) to terminate the foliage addition process. [Inlaid] Shoot structure that
was used in ail tree models.
To do so, a sériés of 3D point clouds from TLiDAR scans were simulated on the four reference
tree models in an attempt to evaluate how the proposed tree reconstruction model matched the
proportions, distributions and orientations of wood and foliage constituents. Using the PBRT
(Physically-Based Ray Tracing) ray tracing software (Pharr and Humphreys, 2004) allowed to
simulate the perspective of a caméra with a field of view of 40°x40° identical to the one that is
used by the nris-3D TLiDAR System. Rays were launched from the simulated caméra for each
pixel of the image. In practice, each laser beam of the Ilris-3D was simulated by launching 9
individual rays uniformly distributed within the puise's divergence angle. The disavantage of this
technique is that the density of rays reaching an object decreases with the distance from the laser
source position and increases the distortion/artifacts known as aliasing when representing a high-
resolution signal at a lower resolution. However, this approach considerably simplifies the
simulations compared to cone ray tracing technique (Amanatides, 1984). First hit position of the
rays on the tree model were recorded and subsequently treated as the first return from the
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TLiDAR return signais. The tree model was placed at a distance such that the caméra could see
the entire tree. The foliage material was configured to provide a retum with lower intensity
compared with the woody material. Three TLiDAR scans were simulated at azimuth angles of 0°,
120° and 240° around each tree, leaving the distance between the caméra and the tree model
constant. Each simulated scan produced a raster image 1050x1050 of the first retums équivalent
to an angular/spatial resolution of 10mm at a distance of 15m. Each of the four tree were
generated from 3 simulated point clouds that were registered and aligned in order to generate an
integrated 3D point cloud that could serve as input to the tree reconstruction model.
The input parameters {di, P, A, dk) were chosen from a visual comparison of the generated
pictures of the models with the photographs taken on the test sites (see examples in Figure 3-3).
In practice, the final branching structure was less sensitive to the parameter di, but was more
responsive to the variation of the three other input parameters of the colonization algorithm: (i)
the pipe model parameter P that controls the radius (dimension) of branches, (ii) the attractor set
A and (iii) the radius d^. The amount of foliage added on the model tree was determined in two
ways: either the number of shoots was chosen such as to minimise the visual différences between
the reconstructed and référencé tree models (this approach will be labelled as VIS), or, the
number of shoots was forced to match that of the référencé tree models (this approach will be
labelled as FIX). In essence, the former case assumes that ancillary information about the tree is
unavailable while the latter assumes that the number of foliage éléments in the tree crown could
be approximately estimated from allometric équations (depending on their availability and
accuracy). A visual comparison takes place (i) for branching structure of VIS and FIX
reconstructed tree models and (ii) during foliage addition for the VIS reconstructed model. The
visual similitude between models is evaluated on the following criteria: 1) overall crown density
when superposed over a white or identical background (see Figure 3-3) and 2) the spatial
distribution of branches as well as their dimension (radius) and the amount as well as the spatial
distribution of foliage. The reconstruction ends when these two criteria are visually matched
between the reference and the reconstructed tree models from visual criteria.
At the end of this reconstruction process, both the reference and reconstructed tree models are
exported into the scene description formats required by the PBRT renderer (Pharr and
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Humphreys, 2004) and the Rayspread radiative transfer model (Widlowski et al., 2006). In doing
so, each branch segment is represented as a truncated cone to facilitate the computation of surface
areas, orientations and volumes that are required in a forest canopy models for remote sensing.
Figure 3-3 shows two image pairs of référencé and reconstructed tree models for western
hemlock (left) and western red cedar (right) trees. The proposed methodological setup thus
allows (i) a detailed comparisons of the structural attributes of the référencé (representing the
truth) and the reconstructed tree models, and (ii) an estimation of the impact that such différences
might have on the réflectance properties of entire forest canopies.
3.3.1. Evaluation of the scanned 3D point clouds
The first évaluation of the reconstructed tree model involved the comparison of the VIS and FIX
reconstructed tree models using the same three scanning positions. The spatial/angular resolution
of the simulated model matched those from the scans made with the TLiDAR to generate the
référencé tree model. The aligned 3D point clouds of the référencé and the FIX/VIS reconstructed
tree models were encompassed into a 3D matrix of voxels having 0.3m side length. This allowed
to compare properties of each tree model types (such as the number of LiDAR returns in each
voxel). Figure 3-4 shows the distribution of the normalised différence in the retum numbers per
voxel that were observed between the référencé tree model and either the VIS (black circle) or
the FIX (grey diamond) reconstructed tree models. Also indicated are the mean normalised
différences and their standard déviations for the four trees. The norm value is defmed
ma\\difference.\
by ' . AU distributions in Figure 3-4 are mono-modal with peak values close to
zéro and a standard déviation less than 0.17, which indicates that a high amount of voxels have
very similar numbers of returns in both the référencé and the reconstructed tree models. Branches
and leaves of the reconstructed tree models are therefore distributed similarly to those in the
reference tree model. Overall, however, the mean values are ail slightly higher than zéro (0.008 to
0.011), except for the Douglas fir tree where it is slightly below zéro (-0.004 to -0.002). This can
be explained by the fact that ail reconstructed tree models (except for the Douglas fir) have a
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higher wood area value than their respective référencés and also a higher leaf area value (except
for the VIS reconstructed western red cedar tree model).
Table 3-1 compares volumes of the convex hull of the référencé tree with the VIS and FIX
reconstructed tree models. The convex hull volume was computed using the software Qhull
(Barber et al., 1996) with every object position in the tree. The volume was not only computed
with objects from the living crown but also with points from the bottom part of the trunk. It is
therefore a quantity linked to the volumetric spatial extent of the whole tree which is rather
sensitive to the présence or absence of individual branches. From the comparison we observed
that the reconstructed tree models produce a convex hull volume relatively similar to those of the
four référencé tree models with déviation from 4.7 (for the Douglas fir tree) to 24.9% for the
western hemlock tree. In ail cases, the convex hull volume of the reconstructed tree model
exceeded that of the référencé tree model. This positive déviation indicates that the parameter
configuration of the attractors set A and the radius dk led to somewhat bigger trees - a fact that
was not necessarily apparent during the visual évaluation of the reconstructed tree pictures. At
the scale of an individual tree, the internai 3D architecture of the foliage and branching system
bas more impact on the réflectance signature than small différences in the length of individual
branches, in particular when a given canopy is viewed with médium resolution optical passive
remote sensing data used in global applications (e.g. MODIS, MERIS, and MISR). More
specifically, a small set of key structural parameters, like the spatial distribution of the foliage
and wood area as well as the orientation of the varions foliage éléments, are capable of
substantially altering the directional réflectance signature of végétation targets.
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Figure 3-4: Distribution of the normaiized différence of LiDAR first returns per voxels for each
reconstructed tree model: western hemiock (top left), Aleppo pine (top right), Douglas fir (bottom
left), western red cedar (bottom right). The différence is calculated between the reconstructed and
référencé tree models and normaiized with the highest absolute différence values. Mean value
and standard déviation of the distribution for the visually compared (VIS) - white disk - and
fixed number of shoots (FIX) - grey diamond - reconstructed tree models are displayed.
Table 3-1 : Convex hull volume of the tree and déviation values for the référencé and for the
visually compared (VIS) and fixed number of shoots (FIX) reconstructed tree models.
Convex hull volume (m^) Déviation of tree volume (%)
Ref VIS FIX VIS FIX
Western hemiock 130 163 162 24.9 24.5
Aleppo pine 183 215 215 17.3 17.2
Douglas fir 1145 1205 1200 5.2 4.7
Western red cedar 1610 1801 1806 11.9 12.2
3.3.2. Comparison of Structural Attributes
Foliage area and orientation are both crucial state variables controlling the radiative properties of
vegetated surfaces. Increasingly, the woody area is also sought after as an input parameter to
canopy réflectance models as well as climate change models. From the comparison of the total
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leaf and wood area between the référencé and reconstructed (VIS and FIX) tree models for the
four trees (Table 3-2), we found déviations similar to those observed for the hull volume.
Throughout this study such différences are expressed in percent and are computed as:
100 ^ \,
(3-4)
A = -
N 1
where N is the number of values to average over, yi is the value of the reconstructed tree model
parameter of interest, and y, the reference value of the reference tree model. Here the parameters
of interest are the total foliage area and total wood total area calculated by summing each object's
total surface area of foliage and wood component respectively.
Déviations in leaf area range from -6.8 to 19% and were largest for the visually reconstructed
Aleppo pine and Douglas fir tree models. Obviously, null déviations in foliage area were
observed for the FIX reconstructed models since here the number of shoots in the reference and
reconstructed tree models was imposed to be the same. Similar déviations in wood area values
were observed but were generally larger for the VIS reconstructed tree models. This is explained
by the fact that the addition of individual conifer shoots increased the woody area of a tree due to
the central twig that was contained in a shoot. This effect can be seen even with tree crowns with
relatively less foliage such as for the western hemlock and Aleppo pine trees.
Table 3-2 : Leaf and wood area integrated over the entire tree and déviation values of the tree for
the visually compared (VIS) and fixed number of shoots (F X) reconstructec tree models.
Leaf Area (m^)
Ref VIS FIX
Wood Area
Ref VIS FIX
Déviation of
Leaf Area (%)
VIS FIX
Déviation of
Wood Area (%)
VIS FIX
Western hemlock
Aleppo pine
Douglas fir
Western red cedar
112 123 112
207 246 207
568 492 568
792 738 792
44 54 52
87 104 96
299 254 269
361 415 425
9.6 0.0
19.0 0.0
-13.3 0.0
-6.8 0.0
24.8 19.9
19.0 10.1
-15.0 -10.0
14.9 17.8
The ability of the proposed architectural model to reproduce the vertical profile of leaf/wood area
and leaf normal distribution was also assessed. The vertical profiles of leaf and wood area were
generated by summing the area of the elements (wood or foliage) that fell within one meter
height bins. For simplicity, it was assumed that an object belonged to a height bin if its center of
mass was contained within the height interval associated to that bin. Figures 3-5 and 3-6 show the
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vertical profiles of leaf and wood areas, respectively, for the four différent tree species that were
used in this study. The vertical profiles of the reference tree model (solid line) are shown with
those of the VIS and FTX reconstructed trees. The root mean squared déviation (RMSD) is
reported as an indicator of agreement between the reference and the reconstructed trees. The
RMSD was computed as:
RMSD = j— (y, - y, )'
(3-5)
where V is the number of values to average over (here V is the number of height bins), and j)„ and
y, are the values of the parameter of interest for the reconstructed and reference tree models,
respectively (here the parameter of interest is the amount of leaf area or wood area in a given
height bin).
Overall, the vertical leaf and wood area profiles of the reconstructed tree models agree rather well
with those of the reference tree models. The graphs in Figures 3-5 and 3-6 exhibit small
différences in wood area profiles between the FIX and VIS reconstruction approaches, and show
similar spatial distribution in foliage and wood area. For instance, both the FIX and VIS
reconstructed tree models feature the same overall branching patterns and their woody area
differs primarily due to the number of shoots that each contains an additional twig (wood
material). In général, the reconstructed profiles followed the overall leaf and wood area
distributions of the reference and matched the location of the maximum values. The Aleppo pine
reconstructed tree VIS and FIX models significantly overestimated the leaf area at the lower
center of the crown and both had larger wood area values compared with the reference tree
model. A doser inspection of the recreated tree models shows that the foliage surplus of two
thick branches in the reconstructed tree crown was responsible for most of these discrepancies. A
similar tendency was observed for the western red cedar VIS and FIX reconstructed models
where a surplus in foliage area and a visually noticeable surplus of wood material around 15-20m
yields to significant wood area discrepancies in the same part of the crown. This fmding
underlines a potential weakness for the use of visual consistency as it may dépend on the
particular viewing geometry at which tree models were compared. In the future, a more
quantitative consistency check is certainly needed, not only to terminate the shoot addition
process but also to evaluate the accuracy of the reconstructed tree architecture.
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Figure 3-5: Vertical profile of leaf area for 4 tree species: western hemiock (top left), Aleppo pine
(top right), Douglas fir (bottom left), western red cedar (bottom right). Root mean squared
déviations (RMSD) of the distribution are displayed for the visually compared (VIS) - white disk
- and fixed number of shoots (FIX) - grey diamond - reconstructed tree models.
96
Western hemiock
140
— Ref
O  VIS
♦  FIX
♦ 0
♦ O
♦oE 8
♦ O
♦O RMSDyjg» 1.10 m
RMSDpij^ - 0.97 m
4  6
Wood Area (m^)
14
12
10
? 8
Aleppo pine
-
——
0  0
\  0 o -
o
"^00 RMSDyig = 2.58
»
RMSDpijç - 2.00
'
10
Wood Area (m^)
15 20
Douglas fir Western red cedar
0^0
O 0
0^0
01
15
Wood Area (m^)
20 25 30
35^
30
25
E 20
£
I 15
5rr=3=4*
__^O0
^  O0
-  ■
»
0»
RMSD^^Ig - 3.67
RMSDp|j,.3.91 ttl^
4* .
10 15 20
Wood Area (m^)
25 30
Figure 3-6; Vertical profile of wood area for 4 tree species: western hemiock (top left), Aleppo
pine (top right), Douglas fir (bottom left), western red cedar (bottom right). Root mean squared
déviations (RMSD) of the distribution are displayed for the visually compared (VIS) - white disk
- and fixed number of shoots (FIX) - grey diamond - reconstructed tree models.
Foliage orientation is usually assumed to follow predefmed statistical distributions rather than
explicit measurements due the complexity of obtaining such datasets (Bunnik, 1978; Goel and
Strebel, 1984; Campbell and Norman, 1990). Defining a methodology that retrieves foliage
orientation would be of great interest, in particular for the canopy réflectance modelling
community. Figure 3-7 exhibits the distribution of the zénith angles of the shoot axes for ail
foliage éléments contained in the crowns of the référencé tree (black), FIX (grey) and VIS
(white) reconstructed tree models. Each coloured bar corresponds to a 10° zénith angle interval
ranging from 0 to 180°. The RMSD of the FIX and VIS zénith angle distributions were calculated
with équation (3-5). The western red cedar tree yielded the best fit among the reconstructed tree
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models, having comparable RMSD values for both the VIS and FIX cases. The reconstructed
Douglas fir models, on the other hand, showed a substantially larger amount of shoots with zénith
angles in the range from 40° to 60° compared with the reference model. This can be attributed to
the fact that the top part of the trunk of the Douglas fir was not visible in the TLiDAR point cloud
due to occlusion. The local lack of measurements forced the branches that were added around the
trunk at this location to grow upward in an attempt to reach out towards the attractors that were
located in the upper parts of the tree crown. From this situation we found that the quality of the
point cloud is the main factor influencing the distribution of shoot zénith angles since it leads the
reconstruction algorithm's to extract the primary skeleton to support secondary branches.
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Figure 3-7: Distribution of the zénith angle of the shoot axis (twig) area for 4 tree species:
western hemiock (top left), Aleppo pine (top right), Douglas fir (bottom left), western red cedar
(bottom right). Root mean squared déviations (RMSD) of the distribution are displayed for the
visually compared (VIS) - white - and fixed number of shoots (FIX) - grey - reconstructed tree
models.
The overall agreement of the vertical profiles of both leaf and wood area, as well as the shoot
zénith angle distribution of the reconstructed and reference tree models, support the use of the
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proposed tree reconstruction procédure in retrieving structural végétation attributes front
TLiDAR scans. The quality of the point cloud as well as the nature of the architectural
consistency tests (qualitative versus quantitative) had clearly an impact on the accuracy of the
reconstruction of individual trees. The qualitative visual comparison criterion used to configure
the parameters of the reconstruction model at the individual tree level should ideally be used in
conjunction with an external source of information to best assess suitable model parameters (like
the amount of foliage and its spatial distribution within the crown).
3.4. Evaluation of radiative canopy properties
For remote sensing observations, structural properties such as the foliage area and orientation
influence the interactions of radiation incident on végétation canopies and thus also the signal
measured by remote sensing instruments. Assuming accurate knowledge of physical properties of
the canopy constituents, state of the art RT models are capable of simulating both domain-
averaged radiative properties (e.g., canopy albedo, bidirectional réflectance, or FAPAR), at
spatial resolutions comparable to current médium spatial resolution sensors, as well as local point
measurements (e.g., light transmission and background reflection) at any given location within a
canopy. 3D radiative transfer models, if properly validated, are ideally suited for ground based
validation of remotely sensed products. This is particularly relevant in comparisons with in-situ
measurements since the latter almost always infer canopy properties from a sériés of spatially
disjoint transmission measurements at the bottom of the forest canopy whilst remote sensing
algorithms aim at retrieving the same canopy properties using reflected radiation quantities from
a much broader canopy target. This section will document the différences between point- and
domain-averaged réflectance properties, as well as between local directional transmission
characteristics for forest canopies composed of the reference tree model versus the FIX and VIS
reconstructed tree models.
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3.4.1. Comparison of canopy réflectance signatures
The 3D Monte Carlo ray-tracing mode! Rayspread (Widlowski et al., 2006) was used to simulate
bidireetional réflectance factors (BRF) i) over 250 uniformly distributed directions in the upper
hemisphere and ii) at intervais of 5° zénith angle along the principal plane (containing both the
local vertical and the illumination direction) for a variety of forest densities, spectral bands and
illumination conditions. The Rayspread radiative transfer model has been extensively validated
during the RAdiative transfer Model Intercomparison (RAMI) exercise (Pinty et al., 2001, 2004;
Widlowski et al., 2007) and was recently chosen as one of the six 3D Monte Carlo models that
contributed to the establishment of a "surrogate truth" référencé dataset for the automated
évaluation of new or updated canopy réflectance models (Widlowski et al., 2008).
The spectral properties for the soil, wood and foliage éléments in the red and near-infrared (NIR)
wavelengths were ail taken from the RAMI third exercise (Widlowski et al., 2007). In the red
spectral band, the values for leaf réflectance and transmittance were set to ri = 0.0546 and ti =
0.0149, respectively, while the réflectance of the wood was = 0.14 and the background albedo
was set to a = 0.127. In the NIR, the corresponding values were ri = 0.4957, ti = 0.4409, r^ = 0.24
and a = 0.159. A sériés of virtual 1 hectare wide forest stands were built using two différent
scénarios: (i) one single tree was cloned and distributed randomly over the stand area and (ii) ail
four trees of our simulation set were cloned and distributed at random over the 100x100 m area.
In both cases, a random azimuthal rotation was applied around the vertical axis of each tree in
order to avoid spurious frequencies in the scene. The position of this axis of rotation was
determined by the center point of the rectangle enclosing the horizontally projected 3D TLiDAR
point cloud of a given tree model. Slight différences in the spatial distributions of trees (and thus
also in the simulated BRFs of a given forest canopy) were anticipated since the x,y coordinates of
this center point changed between the référencé and reconstructed tree models (especially for
scénario (i) where the same tree species was systematically used to populate the scene).
With the forest création scénario (i), three sites with fractional covers of approximately 20%,
40% and 60% were built for each one of the référencé, VIS and FIX reconstructed tree models.
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For each one of these 9 structural cases, radiation transfer simulations were subsequently
performed at three sun zénith angles (0°, 30° and 60°) and two wavelengths (red and NIR).
Table 3-3 indicates the overall différences between the reconstructed and the reference BRFs
(averaged over the 250 BRF simulations for ail stand densities, spectral régimes and illumination
conditions). The maximum recorded BRF différence was 7.44% in the red spectral band for the
western hemlock tree. On average, however, the absolute BRF différences were 4.32% (2.15%)
for the VIS and 3.74% (1.52%) for the FIX reconstructed tree models in the red (NIR) spectral
band, when summed over ail tree species. Multiple-scattering in the NIR results in lower BRF
déviations than in the red spectral domain, which is dominated by single-scattering interactions
and thus more sensitive to changes in the architectural properties of the trees.
Table 3-3 : Déviation in percentage of the 250 BRF values distributed over the sky hemisphere
and for 54 virtual forest site simulations with the fixed number of shoots (FIX) and visually
Déviation of BRF in the red band (%)
VIS FIX
Déviation of BRF in the NiR band (%)
VIS FIX
Western hemlock -7.44 -4.75 0.27 -0.64
Aleppo pine -5.64 -3.88 -1.17 0.09
Douglas fir 0.92 0.85 2.80 1.35
Western red cedar -3.30 -5.47 -4.36 -3.98
In the second forest création scénario, 100 instances of trees were chosen at random from among
the four tree species and subsequently distributed throughout the 1 hectare area. This process was
done with the reference, VIS and FIX reconstructed tree models. Overall, a fractional cover of
about 54% was obtained as estimated by summing the values of the projected elliptical surface
(minor radius, major radius) of each tree crown and dividing this sum by the area of the forest
stand. Overlaps between tree crowns were avoided by constraining each tree to be separated from
its neighbours by a distance at least equal to their respective crown major radius (projected on the
ground). The final forest canopies thus included 22, 16, 34 and 28 instances of the western red
cedar, Douglas fir, western hemlock and Aleppo pine tree models, respectively. Radiation
transfer simulations in the red and NIR spectral régimes were carried out for each one of the three
forest stands (reference, VIS and FIX), setting the solar zénith angle to 30°. Figure 3-8 shows the
verisimilitude of the BRFs generated for a canopy composed of reference (solid line) as well as
VIS (black circle) and FIX (grey diamond) reconstructed tree models, both in the red (left panels)
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and NIR (right panels) spectral régions and for simulations across the entire upper hemisphere
(top panels) or else restricted to the principal plane only (bottom panels). In général, ail panels of
Figure 3-8 show a good agreement between the BRF values of the référencé and reconstructed
tree canopies. The BRF déviations are expressed in terms of the RMSD which was calculated
with équation (3-5), using simulation results for the observation zénith angle in the range -85° to
85°. The RMSD values vary from 0.001 to 0.0016 in the red and from 0.0020 to 0.0026 in the
NIR spectral bands. A comparison with RMSD values generated for the BRF différences of
forest canopies generated from one tree model only (results not shown) indicates that
discrepancies in the architecture of the model trees were amplified when the forest is composed
of one instead of four différent tree models.
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Figure 3-8: Bidirectional Réflectance Factor simulated over a virtual forest site composed of the
4 species randomly distributed for the visually compared (VIS) - white disk- and fixed number
of shoots (FIX) - grey diamond - reconstructed tree models. Top panels show the BRF simulated
for 250 directions uniformly distributed in the upper hemisphere. Bottom panels show the BRF in
the principal plane sampled at each 5°. Root mean squared déviations (RMSD) of the distribution
are displayed for the visually compared (VIS) and fixed number of shoots (FIX) reconstructed
tree models.
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The results of the radiation transfer simulations indicated that structural différences in individual
trees have less of an impact in the NIR than in the red spectral band. Furthermore at spatial scales
of 1 hectare they were, on average, lying within the absolute calibration accuracy of current
moderate resolution space sensors, i.e. 3-5%. The proposed tree reconstruction model is thus
well suited to be used in the context of remote sensing product validation over known sites. This
opportunity will be discussed further in the following section.
3.4.2. Comparison of hemispherical photographs
Digital hemispherical photography has long been used to document the architectural properties of
plant canopies. A large body of work (e.g., Chen et al., 1991; Fournier et al., 2003; Gower et al.,
1999; Bréda, 2003; Jonckheere et al., 2004; Leblanc et al., 2005; Montes et al., 2007) deals with
the extraction of structural attributes, like gap fraction and LAI, from hemispherical photographs.
The Rayspread model was utilised to simulate hemispherical photographs at différent locations
within the 100m x 100m forest stand composed of 4 différent tree species. The photographs are
segmented, which means that every black and white pixel corresponds to obstruction by material
(foliage or wood) or gap in the canopy respectively.
Figure 3-9 shows two examples of such imagery, acquired at position (30m, 30m) and (50m,
50m) in the canopy composed of référencé tree models (left panels), VIS (middle panels) and
FIX reconstructed tree models (right panels). The visually comparison of the varions panels in
Figure 3-9 shows little différence between the photography taken from the stand composed of the
reference tree models and the stands composed of the reconstructed tree models. We used the
HemiView v2.1 software (www.delta-t.co.uk) to obtain more quantitative information regarding
the gap fraction distribution. Figure 3-10 shows the azimuthally averaged gap fraction of the
hemispherical photographs acquired at position (30, 30; left panels) and (50, 50; right panels).
The mean gap fractions values for 5° zénith bins for the reference (solid line), the VIS (white
disk) and FIX (grey diamond) reconstructed tree models are indicated. The goodness of fît,
already hinted in the hemispherical photographs, is confirmed by the RMSD values which are of
the order of 0.01 for position (30, 30) and 0.02 for position (50, 50). The latter is probably due to
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the presence of a Douglas fir tree, with ils lack of wood in both the VIS and FIX case, near the
center of the simulated photograph.
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Figure 3-9: Threshold hemispherical photographs simulated in a virtual forest stands of 100m x
100m built with the reference (left panels) tree models, the visually eompared (VIS) (middle
panels) and fixed number of shoots (FIX) (right panels) reconstructed tree models.
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Figure 3-10: Gap fraction of hemispherical photographs generated with the HemiView v2.1
software simulated in a 1 hectare virtual forest composed of 4 tree species: reference tree models
- solid line-, the visually compared (VIS) - white disk- and fixed number of shoots (FIX) - grey
diamonds- reconstructed tree models. Root mean squared déviations (RMSD) of the distribution
for the visually compared (VIS) and fixed number of shoots (FIX) reconstructed tree models are
displayed.
3.5. Discussion and Concluding Remark
This study described a modelling approach to reconstruct plausible tree architectures from
multiple TLiDAR scans. The main steps of the proposed algorithm consist in 1) segmenting the
co-registered 3D point cloud into a predominantly wood and a predominantly foliage
components, on the basis of the intensity information of the TLiDAR retums, 2) extracting a
skeleton structural frame from the 'wood' point cloud that defmes the trunk and first-order
branches of the tree model, 3) use the 'foliage' point cloud as an attractor set to grow a finer
branching structure from this initial tree skeleton, 4) define a typical foliage (shoot or leaf)
structure and add one instance of this object at the terminating end of every branch, and 5) use a
light availability model to distribute additional foliage elements within the interior of the tree
crown. In this study the reconstruction algorithm was applied only to coniferous trees but nothing
prevents its usage with broadleaf tree species.
The main strength of the proposed reconstruction algorithm lies in its capacity to generate
plausible tree architectures even when the TLiDAR scans were acquired with low spatial/angular
resolutions and/or under non-ideal external conditions, e.g., in the presence of wind and/or
occlusions of the interior of the tree crowns. These conditions are particularly aggravating for
evergreen coniferous species in that they can never be scanned without their foliage and
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consequently the fine structural détails of needle arrangements inside individual shoots may be
below the resolving power of current TLiDAR instruments. The main weakness of the proposed
approach lies in the fact that some sort of criteria is required to terminate the foliage addition
process. Unfortunately, the co-registered 3D point cloud of the three TLiDAR scans cannot be
used for this because it is affected both by viewpoint-related occlusions and wind-induced
displacements of branches and foliage in successive TLiDAR acquisitions. In the présent study
the décision to stop or pursue the génération of tree éléments was based on either a visual
inspection of the reconstructed tree architecture or by using a priori knowledge of the leaf area of
the référencé tree. The purpose of this approach was twofold: on the one hand it would provide
an indication of the errors that could be expected if a tree was to be reconstructed without a priori
information regarding its foliage amount and spatial distribution, and, on the other hand, this
would also justify the development of a more refmed foliage addition procédure to be applied
when the reconstructed tree (constrained to have the correct amount of foliage) still differs from
the référencé, due the placement of the foliage inside the crown.
It is always possible - although not discussed in détail in this study - to adjust the parameters of
the reconstruction model manually, such that they resuit in a tight fit of the generated tree model
and the real tree. For example, the branching structure of the reconstructed tree can be tuned by
applying three procédures: (i) removing noise, resolving gaps or Connecting disjoint parts in the
3D aligned TLiDAR scans, when possible, using available software or algorithms, to have a
'cleaner' and more detailed initial skeleton, (ii) adequately choosing the attractor set and
adjusting the parameters for growing the branching structure and (iii) using the full potential of
the L-System formalism with realistic botanical production rules to simulate plant growth
according to its species and environment (e.g., tropism, branching pattern, pipe model). Such an
approach is, however, labour intensive and prevents also the routine operational use of the
proposed tree reconstruction procédure in the systematic interprétation of TLiDAR scans. What is
thus needed is an extemal source of information that could automatically steer the branch
construction and foliage addition process, as indicated by the feedback mechanism in Figure 3-2.
One possible source of such information could be hemispherical photography acquired at the time
of the TLiDAR scans. Multiple hemispherical photographs could be used to obtain information
on the directional transmission of a target tree, which in turn, could serve 1) to obtain spatially
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correct distributions of foliage in the crown and 2) to terminate the foliage addition process.
Future work will have to be directed towards the automation of such a feedback system, perhaps
using optimisation algorithms that reduce the différences between key parameters (e.g.,
directional gap fraction) of the modelled and actual scénarios.
Species-specific conifer shoot models should also be specified in accordance with field
measurements, to account for différences amid species as well as site, âge and stress related
factors. Nevertheless, ail four of the tree models reconstructed during this study did exhibit
structural properties similar to those of the reference trees used as reference, for instance in terms
of the vertical leaf and wood area distribution, as well as the foliage orientation distribution. Far
from being exact copies, the reconstructed tree models were capable of delivering accurate stand
level réflectance signatures as well as hemispherical photographs acquired at différent locations
within the canopy. The applicability of the presented methodology to the reconstruction of the 3D
architecture of forest canopy for realistic stands is still to be proven and some issues concerning
its feasibility remain unresolved. For instance, the reconstruction of a single tree or a group of
trees in closed forest stands could be problematic if the occlusions between neighbouring trees
make impracticable the scanning with the TLiDAR. Nonetheless, an actual test to compare RT
simulations based on the proposed tree reconstruction method with remote sensing observations
over an actual target stand is planned for the future to account for the impact of différent tree
shapes and crown overlap.
The results of our simulations suggest that the tree reconstruction algorithm described above
could serve, in conjunction with validated and geometrically explicit 3D radiative transfer
models, to support and perhaps even optimise future efforts to validate remotely sensed data and
products. Space agencies and scientiflc networks maintain long term validation or measurement
sites, respectively, that could be simulated in great détail with a 3D radiation transfer model,
using tree models generated with the proposed methodology. Assuming that information on the
leaf, wood, and background spectral properties is also available for these sites, the 3D RT model
could be used to predict the surface réflectance or derived products such as FAPAR (Gobron et
al., 2006) of that test site, at the time of overpass of a given space borne sensor, given the
directional properties of the incident radiation. This would enable 1) a direct comparison with
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remotely sensed products, 2) a direct comparison with domain-level estimâtes of radiative
quantities (like FAPAR) from up-scaling procédures of in-situ measurements, and 3) the
formulation of site-specific sampling stratégies optimised for the estimation of domain-level
radiative quantities. Considered coniferous forests, with their typical shoot and branch dumping,
could continue to serve as test sites, but nothing prevents the same approach from being applied
to deciduous forests, where the woody structure can be reconstructed more accurately from
winter scans, and where foliage information can be gathered using hemispherical photography
throughout the year. The validation of remote sensing products can now be considered using such
3D RT models, driven by an exhaustive set of structural and spectral data acquired in the field,
e.g. with TLiDARs. This opportunity should be considered by space agencies, data providers and
scientific organisations like the Committee on Earth Observing Satellites (CEOS), as part of their
long term validation stratégies.
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4. An architectural model of trees to estimate forest structural attributes using terrestrial
lidar
Un modèle d'architecture d'arbres pour l'estimation des attributs structuraux forestiers utilisant
un lidar terrestre.
Auteurs : Jean-François Côté, Richard A. Fournier, et Richard Egli.
Article à publier dans « Environmental Modelling & Software ». Soumis le 23-11-2009.
Résumé :
Le lidar terrestre (TLiDAR) a été utilisé de plus en plus au cours des dernières années pour
évaluer l'architecture des arbres et extraire les métriques des couverts forestiers. L'analyse des
données TLiDAR reste une tâche difficile, principalement en raison du problème d'occlusion et
de l'effet du vent sur les objets de la scène qui altèrent la qualité des résultats. Nous proposons de
relier le TLiDAR et les attributs structuraux d'arbres au moyen d'un modèle architectural. La
méthodologie proposée utilise les scans TLiDAR combinés avec des relations allométriques pour
définir la quantité totale de feuillage dans la couronne et de construire la structure de branches de
l'arbre. Il utilise l'information de distance et d'intensité des scans TLiDAR (i) pour extraire la tige
et les branches principales de l'arbre, (ii) pour reeonstruire la structure fine de branchaison à des
endroits où la présence du feuillage est très probable, et (iii) pour utiliser la disponibilité de la
lumière comme un critère pour ajouter de feuillages au centre de la couronne où l'information
TLiDAR est rare ou absente en raison des effets d'oeclusion. Un algorithme d'optimisation guide
le modèle vers une structure d'arbre réaliste qui concorde avec l'information recueillie à partir de
scans TLiDAR et des relations allométriques. La robustesse et la validité du modèle proposé sont
évaluées sur cinq arbres appartenant à quatre espèces de conifères différentes pris en milieu
forestier naturel. Cette approche résout les limitations des données TLiDAR afin d'extraire des
paramètres de structure forestière à différents niveaux structurels.
Mots-clés : Modèle d'architecture, LiDAR terrestre; structure d'arbre, optimisation, télédétection.
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Abstract
Teirestrial lidar (TLiDAR) has been used increasingly over the recent years to assess tree
architecture and to extract metrics of forest canopies. Analysis of TLiDAR data remains a
difficult task due mainly to object ocelusion and the effect of wind on scene objects that alter the
quality of the results. We propose to link TLiDAR and tree structure attributes by means of an
architectural model. The proposed methodology uses TLiDAR scans combined with allometric
relationships to defme the total amount of foliage in the crown and to huild tree hranching
structure. It uses the range (distance) and intensity information of the TLiDAR scans (i) to extract
the stem and main branches of the tree, (ii) to reconstruct the fine hranching structure at locations
where the presence of foliage is very likely, and (iii) to use the availahility of light as a criterion
to add foliage in the center of the crown where TLiDAR information is sparse or absent due to
occlusion effects. An optimization algorithm guide the model towards a realistic tree structure
that fits the information gathered from TLiDAR scans and allometric relationships. The
rohustness and validity of the proposed model is assessed on five trees helonging to four différent
conifer species taken in natural forest environment. This approach deals with data limitation of
the TLiDAR to extract forest architectural metrics at différent structural level.
Keywords: Architectural model, terrestrial LiDAR, tree structure, optimization, remote sensing.
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4.1. Introduction
Monitoring forest ecosystem is a critical activity for efficient resource management (e.g., Hunter,
1999; Ferguson and Archibald, 2002; Garcia-Gonzalo et al, 2007), fire risk modelling (e.g.,
Arroyo et al, 2008), habitat mapping of wildlife species (e.g., McRae et al., 2008), or to
understand ecological processes (e.g. Gustafson, 1998) to name a few applications. Remote
sensing remains an essential tool for continuons monitoring of the state and évolution of forest
ecosystems. Numerous methods exist based on satellite remote sensing for mapping forest
attributes from local to global scales (e.g., Pohl and Van Genderen, 1998; Drake et Weishampel,
2000; Zenner et Hibbs, 2000; Lefsky et al. 2002; Chen et al., 2003; Widlowski et al., 2004;
Frazer et al., 2005; Leblanc et al., 2005; Jonckheere et al., 2006; Omasa et al., 2007; Verstraete et
al., 2007). However, several studies propose generalized measurement methods of forest
attributes but their applicability is often reduced to small area or spécifie scénarios (Holmgren
and Thuresson, 1998). The main constraint for method development is not linked to remote
sensing sensors quality but to our inability to handle structural complexity inherent to forest
canopy architecture.
Forest canopy architecture refers to the 3D organization (position, orientation, dimension and
shape) of végétation elements (Ross, 1981). 3-D architecture of forest canopy is a highly
heterogeneous and dynamic system at ail scales. Spatial heterogeneity can resuit in dumping in
the distribution of (i) standing trees in a canopy, (ii) branches and leaves within crowns and
(iii) needles within conifer shoots. Temporal dynamic of the architecture ranges from
second/minute (e.g. wind), day, season and year. Therefore, neglecting the importance of
structural factors can yield to inconsistencies while evaluating: radiative régime within forest
canopy (e.g. Govaerts and Verstraete, 1998; Smolander and Stenberg, 2003; Pinty et al., 2004),
temporal/dynamic changes (e.g., Waring and Running 2007; Weber et al., 2008) or scale
dependencies (e.g., Reich et al. 2004; Zenner and Peck, 2009). The impact of fine scale elements
arrangement becomes more décisive when examining mechanism taking place at small and local
scales. An architectural model providing explicit detailed is difficult to develop due to the
complexity of forest canopies and the great number of measurements required (Foumier et al.,
1997). Regardless, the development of architecture models describing 3D distribution of
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éléments composing forest canopies remains an ongoing challenge to improve the ability to infer
forest canopy attributes witb monitoring metbods at tbe local scale.
Architectural models bave been developed as a practical simplification of 3D canopy architecture
assuming tbat a full detailed description is not possible (e.g. Côté et al., 2010). Numerous
approacbes exist. One of tbe simplest approacbes represents element distribution in a spatial
continuum wbere ail foliage elements are assumed randomly distributed inside an infinité
bomogeneous layer (e.g. Pinty et al, 2006). Refinement of tbis spatial représentation was done
by modelling geometrical parameters of tree crowns envelopes witb brancb and shoot elements
distributed like a turbid médium witbin tbe crowns (e.g. Cescatti, 1997). Anotber sériés of
architectural models are capable of reproducing plant pbysiological process and fine scale
architecture by making use of (i) plants' geometric/topologic information from explicit
measurements (e.g. Sinoquet and Rivest, 1997; Landry et al., 1997) and (ii) knowledge on growtb
processes and plant genetic (e.g. Mëcb and Prusinkiewicz, 1996; Perttunen et al., 1996; Godin et
al., 1999). Representing tree architecture remains a cballenging task bowever, particularly wben
dealing witb mature trees in complex environments. Architecture models need to identify
irregularities in recursive brancbing, brancb mortality, adaptive brancb development from
available ligbt and inclusion of factors significant to tree growtb (e.g. crown sbyness, rules for
mecbanical expansions of branches) (Runions et al., 2007). Tberefore two major aspects need to
be address to develop 3D architectural models of forest canopies: (1) reliable measurements of
tbe 3D structure of forest canopy, and (2) tbe adaptation of detailed algoritbms for tbe
représentation of forest canopy.
Terrestrial ligbt détection and ranging (TLiDAR) Systems are adapted to acquire detailed
measurements corresponding to 3D distribution of canopy components (e.g. Lovell et al., 2003;
Cbasmer et al., 2006; Omasa et al., 2007). Point clouds datasets resulting from TLiDAR scans
provides a raw perception of canopy elements distribution in 3D but it does not provide spécifie
information on canopy element geometry and properties. Tberefore, even if TLiDAR data
provides useful information on distribution of forest components, it still requires a way to
syntbesize and quantify tbe spatial information in a useful format. Quality of TLiDAR data
dépends on tbe amount of object occlusion and external environmental factors sucb as wind or
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relative humidity. TLiDAR scans made in natural forest environments must deal with différent
levels of occlusion between the varions végétation components (Hopkinson et al., 2004). The
amount of occlusion dépends on width of the light beam, point cloud density and used of the fîrst
of last return (if a puise détection laser is used). Resulting point cloud ean also be altered by the
présence of mild to moderate wind conditions if scene scan time exceeds few seconds because of
erratic motion of the smaller tree constituents. In case of multiple scans from différent view
points, géométrie scan registration adds another complexity to data pre-processing but it reduces
the adverse effects of object occlusion since it over-samples some areas. Other aspects that
influence the quality of the point cloud data as input to architecture model include (i) the
présence of structural éléments at a level fmer than what can be resolved by the laser scanner,
e.g., individual needles in a conifer shoot, (ii) the lack of a priori information about leaf or
shoot/needle inclination, and (iii) difficulty to distinguish wood and foliage from point cloud
data. In cases where TLiDAR dataset is used. 3D modelling of tree architecture is highly
dépendent on scan acquisition parameters and data quality. For instance, assessment of spatial
distribution of wood and foliage is greatly limited when 3D datasets are of insufficient quality.
This constraint bas been limiting an explicit régénération of 3-D tree architecture so far.
Selecting a suitable model to describe 3D architecture dépends on the importance placed on
structural levels imbedded in canopy architecture: e.g. crown, branch, leaf clumps, and leaf. The
use of TLiDAR dataset is conducive for modelling tree architecture at levels as fine as the leaf.
The selected model should distinguish between wood and foliage elements. Some efforts bave
been made to reconstruct tree stem and branch structures (e.g., Pfeifer et al., 2004; Cheng et al.,
2007) and producing polygonal model of trees (Xu et al., 2007) from TLiDAR scans. These
models are often limited by the availability of input data. Allometric relationships can be used to
expand from limited in situ measurements to tie tree parameters such as trunk diameter at breast
height (DBH), total leaf surfaee or total wood volume (Avery and Burkhart, 1983). Regardless of
prior attempts to model tree architecture, there is a need for another model that would use
TLiDAR data. This model would allow to deal with the adverse effeets affecting TLiDAR
datasets like objeet occlusion (e.g. which is particularly important with conifer trees), wind
displacement of végétation elements, and improve détection of wood and foliage components
from the point clouds.
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In this paper, we propose a method to extract 3D architecture of trees from point cloud data
collected with TLiDAR scans using a novel architectural model called L-Architect (Lidar data to
tree Architecture). The use of L-Architect is designed to implement a practical method to
synthesize and quantify spatial distribution of tree components from TLiDAR point clouds
resulting in an explicit description of tree 3D architecture. L-Architect uses geometrically
registered TLiDAR scans of individual trees to reconstruct their géométrie and topological
structure which in turn allow retrieving detailed tree structural attributes. A first spécifie
objective of the proposed model is to deal effectively with the main limitations of the use of
TLiDAR datasets, namely the effects of object occlusion and wind. A second spécifie objective is
to develop a model that will allow distinguishing between wood and foliage elements of a tree.
Another spécifie objective of our work is to compare the results from L-Architect with available
architectural models (of similar or coarser resolution) to quantify the contributions of the
proposed model.
4.2. Material
4.2.1. Test sites and selected trees
Two test sites from distinct ecosystems were selected on the base of their significant différences
to develop and evaluate the architectural model L-Architect. The first expérimental site of the
upper portion of the Greater Victoria Watershed (GRW) on Vancouver Island, Canada, was
characterized by mature végétation found on the southwest coast of Canada and northwest coast
of United-States (British Colombia Ministry of Forests, 1991). The three dominant species in
term of their basai area within the selected sites were Douglas fir {Pseudotsuga menziesiï),
western red cedar {Thuja plicata) and western hemlock (Tsuga heterophylla). Forest harvesting
on these sites involved tree rétention for représentative, healthy and mature seeders to favour
recolonization of the site after forest opérations. This turned ont to be useful for our study to
facilitate scans from différent view points with the TLiDAR. Four trees were selected as
représentative mature trees typical of these two expérimental sites: one Douglas fir, one western
red cedar, and two western hemlocks. The second expérimental site of Bois des Roussettes (Aix-
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en-Provence, France) was mainly composed of Aleppo pines {Pinus halepensis) to a proportion
higher than 80% which is représentative of the Mediterranean forest of southern France. One co-
dominant Aleppo pine was selected for that study. AU five trees were positioned by GPS.
Diameter at breast height (DBH) and tree beight were also measured for ail trees. Those five
sampled trees represent a wide variety of architecture for conifer trees which was idéal to
evaluate the L-Architect model in différent contexts.
4.2.2. Data acquisition protocol
AU fîve coniferous trees were scanned with a TLiDAR: the Ilris-3D of Optech Inc.
(www.optech.ca). The laser system emits light at ISGOnm and scans with a maximum view shed
of 40°x40° that can be adjusted in situ to fit targeted objects. The Ilris-3D measures the 3D
position and signal backscattering intensity from either first or last retums. First return
corresponds to the object position that is first hit by the laser beam event if it covers only partially
the TLiDAR's beam. Last retum corresponds to the 3D position of the last object recorded by the
System according to system sensitivity to backscattered signal. AU TLiDAR scans made in
natural forest environments usually require dealing with occlusion between the varions végétation
components (Hopkinson et al., 2004). To reduce the négative impact of signal occlusion,
TLiDAR scans were done from three to five positions (see Fig. 4-1): 3 for the western red cedar,
3 for the western hemlock, 3 for the Aleppo pine and 5 for the Douglas fir. Douglas fir, western
cedar and western hemlock trees were scanned with a mean beam density of 2.5nim, 3nim and
5nim respectively, and the Aleppo pine was scanned at 4.7mm (ail beam density values are
estimated at 15m from the scanner). TLiDAR was located at distances from 20 to 50m from the
trees depending on tree height in order to be able to get the whole tree in one scan within the
viewshed. First return acquisition mode was selected for ail sites.
4.2.3. The 3D co-registered point cloud
The 3D point clouds taken by the TLiDAR from différent view points were aligned into one
géométrie coordinate system with the software Pointstream (© 3DImageSuite
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http://www.arius3d.com/). Point clouds alignment algorithms rely on the ability to find common
points (also called référencé points) visible from différent scans. The alignment procédure for
multiple points of views is done iteratively taking one reference viewpoint and adding gradually
one other viewpoint (point cloud) at a time. An initial step of the registration algorithm matches
at least 3 reference points common to two point clouds. A second step of the registration
algorithm, the alignment procédure, merges the two point clouds into one aligned and co-
registered point cloud using an itérative closest point algorithm developed by Besl and McKay
(1992). From this new co-registered point cloud, the same procédure is repeated iteratively for
the other point clouds from the remaining viewpoints. Therefore, overall the availability of
discernable reference points from multiple viewpoints is critical for the alignment of différent
point clouds. Point clouds alignment produces a scene with one unique coordinate System (Figs.
4-1 and 4-2). Difficulties arise in natural forest when discerning common objects acting as
reference points in différent scans due to the complexity of the environment. The alignment
procédure was facilitated for the Bois des Roussettes site by 8 metallic rods fixed into the ground
and around each tree crown with a distinctive géométrie form visible at 1.70m (Fig. 4-1). This
procédure was neither necessary nor practical for the GRW site because: ail the selected trees
were clearly isolated from each others. A général assessment of the alignment accuracy is
calculated by the software and for our datasets it led to root mean square error (RMSE) values of
less than 4 mm for co-registration of ail point clouds. However, a detailed assessment of point
cloud registration is diffîeult to address properly. For example, movement of tree components
existed in some scenes due to wind and generally resulted in displacement of material during and
between scans. Displacement can be more significant for leaves and shoots placed towards the
exterior of the crown compared with displacement of the inner branches or stem. This effect is
usually présent in most scans of forest scenes and appears like fuzziness of point distribution.
Wind condition was moderate during data acquisition at the GRW site resulting in a small
altération of quality of the point cloud (Fig. 4-2). However, data détérioration for the Aleppo pine
was noticeable due to wind condition which resulted in a point cloud showing dispersion of tree
material compared with what was observed (Fig. 4-1). While the effect of wind is noticeable but
not major, it was taken in considération in our analysis.
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Figure 4-1: [Left] Photography and scanning configuration of the Aleppo pine. [Right] (A, B, C)
individual TLiDAR scans taken from three différent points of view and (D) its registered point
cloud.
4.3. Methods
4.3.1. L-Architect to model tree architecture
L-Architect was designed for faithful reconstruction of 3D tree architecture based on the use of
point clouds from TLiDAR scans. It required the alignment of 3D point clouds of TLiDAR scans
from différent viewpoints. Then it converted the point clouds into a séries of segments
geometrically and topologically connected to represent a tree, taking both the wood and foliage
components into account. Conversion of 3D point clouds into cohérent 3D tree architecture was
donc in three steps: (1) building an initial skeleton of tree stem and its main branches,
(2) reconstructing the fine branching structure and (3) adding tree foliage. Fig. 4-3 illustrâtes the
main building blocks of this approach.
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Figure 4-2; Photographs and registered point clouds for the (A) Douglas fir, (B) western red
cedar, and (C and D) the two western hemlock trees.
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Figure 4-3: Conceptual diagram of the architectural modelling approach L-Architect.
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4.3.1.1. Stem and main branches skeleton
The first step involved extracting a subset of points from the integrated point cloud (hereafter
called N) to build a skeleton of tbe stem and main branches of a tree. The algoritbm used assumed
tbat ail scans of a scene taken by a TLiDAR were geometrically co-registered in a common
spatial framework. Points were selected from tbe integrated point cloud dataset based on tbeir
intensity. Foliage tended to be darker tban wood components because (i) most woody surfaces
display a larger contact area to incident laser beams compared witb leaves or conifer needles
(foliage tbus reflect generally a smaller fraction of incident puise energy) and (ii) spectral
signature of foliage at 1500 nm is typically lower tban tbe one from woody bark material.
Tberefore selecting tbe brigbtest and darkest points from tbe bistogram of tbe point cloud allowed
to distinguisb retums from woody and foliage components. Tbe point cloud N was tbus divided
into two subsets and Nf for tbe wood and foliage components, respectively,
wbere ^  3 U . Jhe sélection of points was performed by using two différent tbresbold
values tw, tf, to identify wood (intensity > tw) and foliage (intensity < tf). Under natural conditions,
it was difficult to infer typical réflectance values for wood and foliage material due to (i) species-
specific spectral response and (ii) variability in surfaces' orientation wbicb changes tbe reflected
puise energy. Points witb intensity between tf and {tf < tw) were ignored. Furtber post-
processing of tbe point cloud Nw was sometime necessary to remove outliers, noise and unwanted
canopy components. It was also required sometimes to fill in or repair some important segments
of tbe main brancbing stmctures (e.g., trunk, main bifurcations, etc.) tbat bave been under-
sampled due to external conditions (e.g., winds, object occlusion).
Tbe skeletal curve extraction or skeletonization algoritbm used was developed by Verroust and
Lazarus (2000). Tbe point cloud Nw was input to tbis algoritbm wbicb was designed to bandle
noisy point clouds tbrougb tbe use of adjustable parameters. In summary, tbe algoritbm generated
connected curves tbat were organized like a tree from tbe scattered 3D point cloud Nw. A non-
oriented neighborhood graph G was built on Nw, wbere every point in Nw was attacbed to its
k nearest-neigbbors. k was set interactively to produce realistic skeleton silhouettes of trunk and
brancb patterns. One value of k was used for tbe wbole tree but it depended on tbe scatteredness
of Nw- Typical values for k ranged from 10 to 15 based on preliminary tests. We used tbe
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k nearest-neighbor spatial searching algorithm available in the Computational Geometry
Algorithms Library (CGAL; http://www.cgal.org/) to find the k nearest-neighbors for each point
in Nw Application of the k nearest-neighbor algorithm resulted in a sériés of graph edges
(elemental segments) linking every pairs of points that were closed to each other in N^. In a
further step, an oriented sub-graph called the géodésie graph was built from the neighborhood
graph G and one source point for the whole tree (generally located at the base of the tree). The
Dijkstra algorithm (Cormen et al., 2001) was used to fmd the shortest path between a pre-selected
source point (in N„) and every other point in Nw The algorithm retumed the path and the distance
(called géodésie distanee) separating the source point and ail points of Nw
The tree skeleton was constructed from the available geodesie distanees. To do so, a sériés of L
geodesie level sets, composed of ail the points located at the same geodesie distanee, were
extracted using the geodesie graph (Fig. 4-4A). Ail graph edges around each geodesie level were
identified iteratively using the geodesie distanee, i.e. those with the start and end points of graph
edges lying immediately below and above the geodesie distanee. Only the start and end points
were retained to compose the geodesie level set. Here, the points composing a geodesie level may
belong to two or more distinct branches of the tree since they would share the same geodesie
distanee. Therefore, additional treatment of each geodesie level set was required to identify points
belonging to separate branches. To do so, we built another neighborhood graph Gl linking every
point of a geodesie level set with its two closest neighbors. The connected clusters of that
geodesie level set were found by removing the edges longer than a given length co. Establishing
suitable value for co was based on the hypothesis that the distance between points of the same
branch should be smaller to branch or trunk width. Usually, points belonging to distinct branches
could be separated by setting co to the médian value of the neighborhood graph edges' length and
conversely identify the connected clusters in Gl (Verroust and Lazarus, 2000). Finally, skeletal
curves were built across the centroids of successive geodesie level sets. In the cases where the
geodesie level set contained several clusters, the connection of ail clusters' centroid followed the
path dictated by the geodesie graph thus creating branching paths. This process provided a
primary skeleton composed of the trunk and some main branches. The resulting skeleton was an
oriented (from the source to the tree top) tree structure expressed with V, the node set where each
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node contained the (x, y, z) position, and E, the edge set where each edge linked two subséquent
nodes (Fig. 4-4B).
4.3.1.2. Fine branch structure
Building the fine branching structure was done by considering foliage distribution. The général
idea was to allow local branch colonization according to the amount of foliage. If we assume that
branches support foliage, then the amount of final branching structure of a reconstructed tree
should be proportional to the amount of foliage points from the TLiDAR (from Nf). Relative
foliage distribution, as contained in Nf, provided a suitable dataset to use in the branch
colonization algorithm described in Runions et al. (2007). A set of spatial attractors ( ■^ ^ ^ / )
was extracted from Nf as input to the algorithm. The points in Nf were ideally suited to act as
attractors since branches were expected to grow towards volumes where foliage was identified.
Even if ail points in Nf could have been used as input, a choice was made to cluster ail foliage
into a 3D matrix of cubic volume element (voxel). Each voxel provided the number of points in
Nf acting as potential attractors. The number of attractors affected the density of branches on the
final tree structure. Consequently, each value in voxels was divided by an attrition coefficient (Q
that depended on the scan density and point distribution to let vary the branch density. The
remaining points within each voxels of the 3D matrix constituted the set of attractors A.
The branch colonization algorithm operated over ail attractors ae A where the number of
attractors had an effect on the density of branches. Procédure for branch growth involved that
each itération of the algorithm added new branch segments to the existing tree structure (V and
E). At each itération, an attractor a infiuenced a node ve V jf the distance between a and v was
less than a radius of influence <i,. This radius controlled the distance from which a branch was
under the influence of an attractor. Generally speaking, a decreasing resulted in a wavy
skeleton while relatively high values of di resulted in a skeleton with long straight segments. The
set of attractors influencing a node v is denoted as 'S'(v) ç A was obtained with the
orthogonal k nearest-neighbor searching algorithm within a range of di found in CGAL. If 5(v)
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was not empty, a new node v'=v + Dh was attached to v with a segment e = (v, v'}, where D is
the step size and
n + g , ^ s-v ,,
n--r. jTandn= > ii iï - (4-1)
F + g|| ^s(v)|l.s-vl|
Use of vectorg is optional but it added a bias to the growth direction which can be interpreted as
a combination of branch weight and tropism (Hallé et al, 1978). When ail new nodes were
attached to the branching structure, the branch colonization algorithm removed the attractors
from A whose distance to the closest node (segment) were less than the threshold distance dk-
This threshold controlled how close a branch could get to an attractor. Thus decreasing dk
favoured the addition of small branches and twigs while increasing dk led to a smoother and
sparser skeleton. Each new node v' and segment e contributed to augment the skeleton (V, E),
with ^  = U U v' and E = £ U e.
The procédure for branch growth was repeated until the set of foliage attractors A was empty; it
generated a final branching structure that supported ail foliage from Nf ((Fig. 4-4C, D). The
radius r of each branch was calculated following the well accepted pipe model (Shinozaki et al.,
1964; Macdonald, 1983), where the cross-sectional area of a branch equals the sum of cross-
sectional area of its c child branches:
r''
=  (4-2)
1=1
Here r, is the radius of the i'*' children and the pipe model exponent P ranges generally between 2
and 3. The skeletonization and the branch colonization algorithms were therefore exploiting
intensity and range data from TLiDAR point clouds to generate tree skeletons which yielded to
reconstruction of realistic tree branching structures.
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Figure 4-4: Illustrations of the branch growth procédural steps. A) Level sets computation from
the directed graph. B) The resulting skeleton from the centroids of the level sets. C) and D)
Spatial colonization process with 95% and 35% of attractors remaining respectively.
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4.3.1.3. Addition of tree foliage
The next step for tree reconstruction dealt with addition of foliage attached to the final branch
structure of the modelled tree. Foliage properties differ from species to species and dépend also
on tree âge (e.g. young vs. mature) as well as on external environmental factors (e.g. water
content, soil nutrients and light availability). For simplicity, we used a generic conifer shoot
model for the Douglas fir, western red cedar and western hemlock species. Similar shoot models
were used partly because of the lack of information concerning actual shoot structures and also
because we did not expect that exact représentation was required for model validation. However,
another shoot model was used for the Aleppo pine since its shoot structure differs greatly with the
other species of the study (Fig. 4-5).
The generic conifer shoot model used for the three species was composed of four elements: one
"mature" shoot supporting three new shoots attached with branching angle chosen as -50°, 5° and
60° (inspired by Takenaka, 1994). The structure for each of the four segments followed the
model proposed by Smolander and Stenberg (2003) and contained the same number of needles
(190). The mature shoot had longer (15 vs. 7.7 cm) and broader (3 vs. 1.5 mm radius) needles
compared with the three young shoots. The needle spatial distribution of one shoot were assumed
(i) constant in radius (0.46 mm) and length (2.85 cm) from the shoot's central twig, (ii) constant
in angle between the shoof s axis and a needle (40.5°), and (iii) constant in fascicle angle between
pairs of needles (40.5°). This model also dictated the angle distribution around the axis which
followed a Fibonacci sequence with a divergence angle of 8/13*2;i. The shoot model for the
Aleppo pine was built with the best information available on its structure: generic description of
needle shape for Aleppo pine and field photographs. This shoot model had one segment with 50
needles of 10 cm length and 1 mm of radius. Needles were attached to a twig with 7 cm length
and 2.5 mm radius with an angle between the shoot's axis and the needles of 35°. The fascicle
angle between each pairs of needles was set to 30°. We ignored needles still attached on branches
or twigs more than 2 years old. For each tree model, a unique shoot structure model was created
and later instantiated to reduce computer memory usage.
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Figure 4-5: Foliage (shoot) représentation for the 4 conifer species. (A) Generic shoot model used
for the Douglas fir, western red cedar and western hemlocks. (B) Aleppo pine shoot model with
corresponding photography.
Populating the available branch with foliage was done with the use of a botanical formalism of
tree architecture called an open L-System (Mëch and Prusinkiewicz, 1996) designed to encode
and represent the architecture of the plant. Before adding the foliage, the final branching structure
(created in section 4.3.1.2) was translated into a format compatible with an open L-System
growth grammar. It was based on two sets of production rules that were applied to ail branch
segments in order to add the foliage. The first set of production rules assumed that every end of a
branch supports foliage. Considering that attractor points were used to create segment where
foliage would likely be présent, then every segment corresponding to the end of a branch was
automatically populated by foliage. The second set of production rules added new shoots
according to light availability at each segment in the crown. Available light was calculated with a
simple light transmission model Computing the number of gaps that are visible from a given
segment's position. To do this, the scene was partitioned with a tight 3D matrix of small voxels
(here, 0.3 x 0.3 x 0.3 m^), where each voxel was characterized by the material plant area density
iPvoxei) within its volume. Light sources were equally positioned on a horizontal plane one meter
above the tree top that covered two times the tree projected surface. Rays were launched from the
center point of a branch segment towards the direction of each light source. Probability of
occlusion Po was computed accordingly to Beer's law (Ross, 1981):
= 1 - n P^o.el n n G,o.et/^] ' (4-3)
voxel
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For each voxel hit by a ray at zénith angle 6, pvoxei is the plant area density (m /m ),
Sv„xei='^cos(6) is the path length of the ray (m), with z being the projection of the path onto the
vertical direction z, and G^oxei = 2/7r*sin(6) is the projection coefficient. We assigned a gap if
Po < U, with U being a random variable in the interval [0, 1]. The number of light sources was
set to 9 as a compromise between the simulation accuracy and eomputation time. The minimum
number of light sources visible without occlusion (i.e. minimum number of gaps Ngaps) could be
adjusted for addition of foliage to the branch segments within the tree erown. For ail branch
segment designated for supplemental foliage, a shoot was attaehed to the branch segment with an
angle relative to the branch axis chosen randomly between 30° and 60°. Moreover, a shoot eould
only be added to a segment if the segment's number of ehildren was less than 3. In addition,
shoots were randomly rotated around the branch segment to avoid collision between the shoot
and the existing branch segments. Every sequence of random variable was generated with a
pseudo-number generator initialized with a constant number ealled seed. We thus ensured that
using the same parameters we would get the same succession of results for each subséquent call
to the algorithm. Despite the simplified nature of this light transmission model, it enabled
realistie addition of foliage in the center of a tree's erown. This eompensated for the occlusion
problem from the TLiDAR datasets where the spatial distribution of objects is often unavailable
from the 3D point eloud in the erown center. At the end of the foliage addition process, we
recomputed branches diameter using the pipe model (Eq. 4-2) since new material have been
added to the overall branehing structure.
4.3.2. Model parameterization
This section describes how parameterization of the L-Architect model was donc in order to fit the
external référencé measurements. First, we deseribe the allometric relationship used as eonstraint
on our model. Next, the black-box global optimization algorithm is presented and we ehoose our
space parameters that will be searehed by the algorithm to converge toward the best
'approximate' solution through the objective fonction.
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4.3.2.1. Optimization algorithm
The proposed architectural model L-Architect has been developed to generate plausible tree
architectures for a wide range of 3D point cloud density from the TLiDAR scans and/or under
non-ideal data acquisition conditions, e.g., in the présence of wind and/or occlusions of the
interior of the tree crowns. The main difficulty to achieve realistic canopy architecture lies in the
complexity to parameterize the model. For instance, varions tree structure can be generated from
the same input data by modifying parameter values: L, D, di, dk, g ,P, ^  and Ngaps- Moreover, their
combined global impact on the final tree structural attribute was difficult to predict. A mechanism
was therefore needed to link the TLiDAR point clouds and the L-Architect parameters to generate
a realistic set of tree structural attributes. To do so, reliable source of information were gathered
to recreate a realistic tree structure with the accurate amount/distribution of wood/foliage
material. We used allometric relationships to estimate tree total leaf surface from its DBH and
included them as an external constraint to calibrate the L-Architect model. Allometric
relationships were taken from the literature for tree species in similar environments to those from
our study (Table 4-1). Then, we used the black-box global optimization algorithm MCS (Global
Optimization by Multilevel Coordinate Search^; Huyer and Neumaier, 1999) to fmd an
approximate solution that would be compatible with the external constraints imposed to the
model. External constraints may include (i) in situ measurements of tree attributes by means of
allometric relationships and/or (ii) the distribution of material density calculated from the
TLiDAR scans. Other constraints could have been examined but we confmed them to those most
frequently used by practitioners (allometric relationships) or from available data (TLiDAR
scans).
' Matlab package available at http://www.mat.univie.ac.at/~neum/software/mcs/
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Table 4-1 : Allometric relationships of total leaf area function of the DBH for each species and the
Species Allometric relationship
Total leaf area (m^)
Typical environment Reference
Douglas fir eXpa+(b.ln(UBH)) . ^
a = -2.846
b= 1.701
c = 177
Mild, wet winters and
warm, dry summers and
favourable development
of temperate
coniferous forests
Tumer et al. (2000)
Western red cedar a = -2.617
b = 1.782
0 = 176
Idem Tumer et al. (2000)
Western hemlock a = -4.13
b = 2.128
c = 189
Idem Turner et al. (2000)
Aleppo pine 2«0.054'DBtf Mediterranean, fresh,
semiarid of plateau
Lopez-Serrano et al.
(2000)
Coefficient c is the spécifie leaf area (cm g' ).
(4-4)
Overall MCS searched for the best or the approximate solution. To do so it required a set of
parameters représentative of the solution domain and an objective function to evaluate the
solution domain. The MCS algorithm attempted to fmd the global minimum of a bound
constrained optimization problem:
min F = min/(jc), jce [m,v]
[M,v]:={re R"" <Xj <Vj, j =
with M and v being m-dimensional vectors with components in R and uj < Vy for 7 = 1,..., m. F or
j{x) refers to the objective function which need to be minimized. MCS is based on a multilevel
coordinate search that balances global and local searehes over ail potential ranges of selected
parameters where the local search is donc via sequential quadratic programming. We chose the
five following parameters représentative of the solution domain: dk, P, Ç and Ngaps- Of ail the
potential parameters, L, D, g were not selected:
• L: The initial skeleton composed of L géodésie level sets required user intervention for
selecting the thresholds and tf. The initial skeleton was also dépendent on small amount of
post-processing to remove anomalies from the point cloud. Both procédures were not
included in the optimization process.
• D: The step size D was also left constant but was chosen such as D < and D < dk.
•  g : The use of an initial skeleton structure drove the location and orientation of the main
branches which were supplemented by smaller branches by the eolonization algorithm. In
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practice, we evaluated that the reconstructed branching structure with upward tropism
(vector g ) belonged to a finer level of représentation than what was intended at this point.
Therefore, this parameter was ignored and set to (0, 0, 0) during the tree reconstruction to
reduce the dimensionality of the space parameters accelerating the convergence to the final
solution.
4.3.2.2. The objective function
The objective function (F in Eq. 4-4) was carefully chosen to be strongly correlated to a small but
décisive set of tree structural attributes that were independent from the model parameters and that
allow for a décision on representativeness of the modeled tree. Calculations for the optimization
process can be computer intensive therefore the tree structural attributes included in F should be
selected taking into account a reasonable converging time. Here, the objective function was
composed of information from the TLiDAR scans and allometric relationships. We selected three
structural attributes for inclusion in the objective function:
'  nîW M + ^^3 • Z Kref - Ksim \ (4-5)
where each of the three terms are multiplied by a weighting factors: wi, W2 and W3. Applying F
provided a quantitative comparison between the reference (ref) and the simulated (sim) trees for
the three selected structural attributes: DBH, total leaf surface area (LA), and vertical material
distribution (V) within the tree volume. Tree DBH imposed a constraint related to exponent P
from the pipe model to ensure that branch and trunk diameters were realistic. DBHref was taken
from in situ measurement. LA was used to obtain the most realistic amount of total foliage
surface. LAre/was calculated from allometric relationships (Table 4-1). Local distribution of LA
was dictated primarily by the amount of branch segments available. Therefore if LAsim was lower
than LAref, more branch segments needed to be created and/or Ngaps could be lowered. The
converse situation was applied if LAsim was higher than LAref- Hence, the use of LA influenced
simultaneously the values chosen for parameters di, dk, and Ngaps- The last structural attribute, the
vertical profile V of material density, ensured that the objective function be dépendent on the
spatial distribution of tree material. V was calculated from the co-registered TLiDAR point
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clouds to evaluate the vertical description of ail material (wood and foliage) within the tree
volume. This attribute was complex to calculate and requires an expanded explanation.
The vertical profile of material density was estimated from estimating the point density within the
whole area occupied by the tree which was divided in volume elements (voxel or cubes). Durrieu
et al. (2008) developed a method dividing the co-registered point cloud of each TLiDAR scans in
a 3D matrix of voxels and then merged the results of ail scans. Ail voxels were assigned a value
that was proportional to surface density of the material which depended on the number of laser
beam returns (points in the 3D point cloud). The method calculâtes a density index A:
A = (4-6)
N  -Ntheoritical before
where Ntheorincai is the theoretical number of laser beams entering a voxel, Nbefore is the number of
intercepted laser beams before the targeted voxel and Ninside is the number of laser beam returns in
the voxel. If Ntheorincai - Nbefore < Ts, the results was considered non-significant because too few
laser beams reached the voxel to assess A. The threshold value Ts was typically set around at 25,
50 or 100 depending on the point density and voxel size. The density index can be interpreted
loosely as proportional to the density of intercepted surface of ail the canopy elements présent
within a voxel. In our application of this method we decided to use a regular 3D matrix of cubic
voxel in a Cartesian coordinate System. N,heorUicai was obtained for ail the voxels of a scan by
using the angular resolution and the field of view from the instrument's location. Similarly, Nbefore
could be determined from the number of points présent between the voxel and the instrument.
The calculation of A was repeated for ail scans made of the tree. When a voxel was assigned a
value for A from one or several individual scans, we kept the value of A with the highest
N theoritical " Nbefore, 1-6. the value calculated with the largest number of beam reaching the voxel. A
final 3D matrix of density index was then obtained from the union of ail the individual scans
which could be used to calculate the vertical profile of material density (V) for the whole matrix
of voxels.
The third term of Eq. 4-5 evaluated the summed différence between the material surface area of
the available point clouds (Vb.ref) and the simulated tree {Vb,sim) for height bins from the ground
(b = 0) to the top of the tree (h = B). Vertical profiles were built by adding ail voxels' values at the
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same vertical level, of one meter height bins, présent for the target tree. In the case of the
reconstructed tree model, its components (segments and shoots) were represented through sets of
géométrie objects. The translation between the géométrie and voxel représentation of the
simulated tree was done by summing the total surface area of ail géométrie objects' centre falling
in each voxel. Both 3D matrices (reference and simulated) needed to be normalized to allow their
comparison. Some care was taken to identify area with too many "no-data" voxels because it
could be cause by important occlusion of the TLiDAR laser beam even though material could be
présent. The use of multiple TLiDAR scans was important to reduce that anomaly.
4.3.3. Validation of the architecture model
The validation procédure of the proposed methodology consisted of performing sériés of
simulations with MCS over the five sampled trees for différent scénarios related to the
architectural model or the objective function F (Eq. 4-5). Each simulation with the MCS
algorithm found the best approximated solutions below a threshold value for F. This validation
procédure is also a sensitivity analysis of L-Architect which resulted in assessing its behaviour by
varying the parameters through the optimization process. The threshold value was set to 0.001 or
the MCS algorithm ran until it reached the maximum number of model évaluation set at 500. In
practice, MCS continued to run after the 500 évaluations if it found significant improvement to
the final solution but it stopped when no significant gain was found from further évaluations. The
interval values of the set of parameters chosen to represent the solution domain of L-Architect {di,
dk, P, Ç and Ngaps) are shown in Table 4-2. Among the fix parameters, the number of géodésie
level set L in the initial skeleton was kept to 25 and the stepsize D for the branch reconstruction
process to 0.1 m. The dimension of the voxels in the 3D matrix used for comparing reference and
simulated material distribution was set to Imxlmxlm. Application of the MCS algorithm
resulted in a final reconstruction of each simulated tree according to an acceptable error from F.
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Table 4-2: Lower and upper bounds of each parameter of the architectural model L-Architect
Name of the tree
Radius of
influence (4,)
Killing
distance (du)
Pipe mode!
exponent (P)
Set of attractors
(A)'
Min. number of
gaps (JSgaps)
Douglas fir [0.1,0.5] [0.1, 1.0] [2.0, 3.0] [0.1,0.75] [2, 8]
Western red cedar [0.1,0.5] [0.1, 1.0] [2.0, 3.0] [0.1,0.75] [2, 8]
Western hemlock [0.1,0.5] [0.1, 1.0] [2.0, 3.0] [0.1,0.9] [2, 8]
Aleppo pine [0.1,0.5] [0.1,1.0] [2.0, 3.0] [0.1,0.5] [2, 8]
Proportion of points that belong to foliage material per cubic voxel.
The relevance of each term in F was tested. Each weight factor (wy, W2, w.?) was initially set to
1/3 in order to impose an equal importance to each term of the objective function. Then, three
other sériés of simulations were performed to verify the relevance of each term of F by setting the
weight factors to (0, 1/2, 1/2), (1/2, 0, 1/2) and (1/2, 1/2, 0) to remove the contribution of one of
the three terms in each sériés of simulations. Another test was applied to assess if the use of a
specialized shoot model improved the realism of the simulated Aleppo pine compared with the
use of the generic shoot model. A last test compared three vertical profiles of tree material
density to assess the representativeness of two architectural models. Profiles were compiled from
(1) the point clouds of ail scans taken by the TLiDAR, (2) the simulated trees built with
L-Architect, and (3) the simulated trees represented as a convex hull filled by a random
distribution of shoots (hereafter referred as the polyhedral model). This comparison enhanced the
tangible contributions of L-Architect compared with the polyhedral model that is a coarser
représentation of the 3D distribution of tree material. The comparison between the reference
(TLiDAR) and the two simulated 3D matrices of voxelized density indices from the two tree
architectural models were done on ail five sampled trees of this study.
The polyhedral model was inspired by the one developed by Cescatti (1997) to simulate
discontinuons canopies with asymmetric crowns envelopes. He simulated tree foliage as turbid
médium with random, regular or clumped foliage distributions. For our purposes, we chose to
distribute foliage elements (shoots) randomly within the tree volume represented as the convex
hull (polyhedron). The convex hull was computed using the Qhull software (Barber et al., 1996)
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including ail points of the tree. The trunk of the polyhedral model was represented as a cylinder
of diameter equals to the DBH and length the same height of the actual tree. The shoot
représentation was identical to the one used in the L-Archiîect model but the shoots were
distributed randomly in the convex ail. The generic shoot model was used for the Douglas fir,
western red cedar and westem hemlock and the specialized shoot model was used for the Aleppo
pine. A test was applied to avoid collision between shoots which resulted into shoots minimally
separated by at least a distance equal to their dimension. The number of shoots depended on the
LA of the tree derived from the allometric relationship in Table 4-1. Application of the
polyhedral model generated another simulated tree for each tree of our study.
Comparison between the référencé data and the two simulated tree models required the
calculation of material density in a 3D matrix common for the three situations. The matrices for
the two simulated tree models were produced by (i) using the ray tracing software PBRT (Pharr
and Humphreys, 2004) to simulate data acquisition configuration by the TLiDAR and
(ii) applying the same method stated in section 4.3.2.2 to calculate the density indices for each
voxel of the 3D matrix.
4.4. Results and their interprétation
4.4.1. Final tree models
We can evaluate the overall results of the modelling exercise by looking at the values from the
objective function F on the final solutions given by the optimization algorithm MCS. Fig. 4-6
shows the convergence plot of F for ail tree models. The curve tends to decrease rapidly at the
beginning while the MCS algorithm performed global searches over the solution domain of
L-Architect. After, MCS converges more slowly up to approximately 500 évaluations are donc
where local searches were performed to fmd a better solution while a significant gain was
obtained between each évaluations. Figs. 4-7 and 4-9 (left) show the reconstructed tree models of
the five sampled trees rendered with the ray tracing software PBRT. AU tree model were visually
similar to the actual in situ trees shown in Figs. 4-1 and 4-2 despite the déficient quality of some
TLiDAR registered point clouds due to extemal conditions (wind and object occlusion).
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particularly for the Aleppo pine. The final solutions of each reconstructed tree models bave
converged down to F = 0.03, 0.09, 0.07, 0.05, and 0.05 for the Douglas fir, western red cedar,
western hemlocks (#1 and #2) and Aleppo pine respectively. Parameters' values of the final
solution are shown in Table 4-3. The comparisons between the (normalized) 3D spatial
distributions of material were done by summing the absolute différence on each 1-meter vertical
bin which is a severe criterion and amplified the différences between the référencé and simulated
vertical profiles (thus led to higher values for F). We can evaluate in more détails the results of
the modelling exercise by looking at the individual components of F.
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Figure 4-6: Convergence of the optimization algorithm. The objective function retumed value V5
the number of évaluations is shown for the five tree models.
Values and relative déviation values between référencé and simulated tree structure attributes are
shown in Table 4-4. The absolute déviations between the référencé and simulated values ranged
between 0.00-1.68% for the DBH and 0.03-1.33% for the LA. Discrepancies between the
vertical profiles of 3D matrices of voxels containing values of density index A were calculated
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(in Table 4-4) using the référencé point cloud (from the registered TLiDAR dataset) and the final
simulated tree from L-Architect. The sum of absolute errors between the reference and simulated
vertical profiles ranged from 0.09 for the Douglas fir to 0.22 for the western red cedar tree model.
The mean absolute error between the reference and simulated vertical profiles, calculated for
each 1 m height bin from the 3D matrix of voxels, ranged from 0.002 for the Douglas fir tree
model to 0.009 for the western hemlock models. In addition, the différence between the reference
and simulated vertical profiles are given by the root mean squared déviations (RMSD) which was
computed as:
^  A.
N is the number of height bins, and , and Aj„„, are the reference and simulated values of the
sum of density indices per 1 m height bins. The vertical profiles generated by summing the
density indices falling within one meter height bins agréés rather well with the reference with a
RMSD ranging from 0.21 for the western hemlock #1 tree model to 2.23 for the western red
cedar tree model (Fig. 4-8). The main potential source of errors were associated to (i) the
incompleteness of the in situ TLiDAR registered point clouds which is affected by object
occlusion of the signal, (ii) oversampling by the TLiDAR from multiple scans, (iii) the presence
of low to moderate wind condition affecting the point cloud from the TLiDAR and (iv) différent
coverage settings for the scan window that excluded small portions at the bottom of the trunk in
some viewing points were not taken into account in our TLiDAR simulations. Object occlusion
on the trunks and some parts of the crown was clearly observed from visual inspection of the
TLiDAR registered point cloud. Blinded or missing portion at the bottom of the trunk could have
been evaluated from the tree height différence from the field measurement and the TLiDAR
registered point cloud. However, this missing portion was generally very small, in the order of
1-2 m. The oversampling and the effect of wind were much more diffîcult to assess
quantitatively, although the impact of wind could be clearly be visualized on the TLiDAR
registered point cloud.
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A) B)
C) / D)
Figure 4-7: Tree models from the results of simulations for the (A) Douglas Fir, (B) western red
cedar, and (C, D) western hemlocks.
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Table 4-3: Objective function and the parameter values for the final solution.
Name of the tree Objective function value (F) 4; 4* a'" P N^^gaps
Douglas fir 0.03 0.30 0.44 0.90 2.47 4
Western red cedar 0.09 0.19 1.00 0.76 2.57 2
Western hemlock 1 0.07 0.30 1.00 0.68 2.65 2
Western hemlock 2 0.05 0.34 0.97 0.62 2.71 2
Aleppo pine 0.05 0.30 0.54 0.10 2.72 2
■j*
Proportion of points that belong to foliage material per cubic voxel.
Table 4-4: Référencé (REF) and simulated (SIM) values of DBH and total leaf area. The déviation
values are calculated on DBH and total leaf area, and sum and mean absolute error on the vertical
spatial distribution of material '''for the reconstructed tree models.
Name of the tree DBH (cm)
,  - , 2, Déviation ofLeaf area (m) dbh(%) Déviation of
Leaf area (%)
Abs. error on
material distrib.
REF SIM REF SIM Sum Mean
Douglas fir 51.91 51.95 850.38 848.06 -0.08 0.27 0.09 0.002
Western red cedar 62.12 62.12 2016.06 2016.62 0.00 -0.03 0.22 0.006
Western hemlock 1 28.82 29.30 388.20 383.03 -1.67 1.33 0.21 0.009
Western hemlock 2 22.52 22.61 229.66 228.46 -0.39 0.52 0.16 0.009
Aleppo pine 26.00 26.00 86.60 87.11 -0.01 -0.59 0.16 0.010
*  ' Calculated between the normalized 3D matrices of density indices computed from the TLiDAR scans and surface
density computed from the reconstructed tree models.
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Figure 4-8: Vertical profiles of the density indices for the [Top left] Douglas fir, [Top right\
western red cedar, and [Bottom left, right] western hemlocks. Root mean squared déviations
(RMSD) of the distribution are displayed for the reconstructed tree models.
4.4.2. Shoot structure considération on the Aleppo pine
The generic shoot model applied to the Douglas fir, western red cedar and western hemlocks
produced realistic tree models. The four components of the generic shoot model grouped together
were convenient to reduce computer memory requirements while providing a good compromise
to represent foliage in the tree crowns. The Aleppo pine required less foliage material compared
with the three other tree types simulated. The use of the generic shoot structure model for the
Aleppo pine led to a sparser tree compared with the actual tree due to two factors: 1) the
simulated needle were smaller compared with the actual needles and 2) the real foliage was more
clumped within the tree crown than what was simulated. RMSD for the vertical profile of density
index for 1 m height bins (Fig. 4-9) where significantly higher for the generic compared with
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those from the specialized pine shoot model. The relative déviation values on the DBH and LA
were comparable but the mean absolute errors on the 3D matrix of voxelized density indices also
show higher déviation for the generic shoot model (Table 4-5). These différences suggest that the
use of a specialized shoot model is préférable when possible as it led to significant improvement
of results.
Table 4-5: For each shoot model used on the Aleppo pine the final objective fonction (F) value,
DBH and total leaf area. Déviation values are given on DBH and total leaf area, and the sum and
mean absolute error on the vertical spatial distribution of materiaF ' for the reconstructed tree
models.
Shoot model r
DBH
(cm)
Leaf area
(m')
Déviation of
DBH (%)
Déviation of leaf
area (%)
Abs. error on
material distrib.
Sum Mean
Generic 0.18 26.26 88.84 -1.01 -2.59 0.56 0.033
Pine 0.05 26.00 87.11 -0.01 -0.59 0.16 0.010
Calculated between the normalized 3D matrices of density indices computed from the TLiDAR scans and surface
density computed from the reconstructed tree models.
4.4.3. Assessment of the objective function
F was defined according to the available external information on tree structure and each constrain
(component) was chosen with care to have a proper influence on the parameterization of
L-Architecî. The impact of each constrain imposed by F on the final tree structure was assessed.
Three sériés of simulations were performed where the first, second and third sériés ignored the
constraint on DBH, LA and V respectively. The final reconstructed trees from those simulations
were compared with those obtained when ail the components of F were considered. Déviation
values between référencé and simulated tree structure attributes are shown in Table 4-6. In the
first sériés, the DBH component was ignored and led to trees with unrealistic branching structure
compared to the actual in situ tree. The déviation values on the DBH ranged from 26% to -55%.
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Figure 4-9: [Left] Tree model. [Top Right] Vertical profiles of the density indices for the two
différent shoot models on the Aleppo Pine. [Top Left] Vertical profiles of the density indices for
the sériés of simulations ignoring the constraint on the DBH, total leaf area and the spatial
distribution of material respectively. Root mean squared déviations (RMSD) of the distribution
are displayed for the reconstructed tree models.
The comparisons between the vertical profiles of density indices for that sériés show higher
RMSD values for the Douglas fir, western red cedar and western hemlock #1 but lower RMSD
for the western hemlock #2 and the Aleppo pine (Figs. 4-9 and 4-10). In the second sériés, the
LA was not considered in the model évaluations which led to large déviation values on LA
ranging from -11% to 48%. RMSD values on the vertical profiles of density indices were higher
for the Douglas fir, western hemlock #1 and the Aleppo pine but lower for the western red cedar
and the western hemlock #2. In the third sériés, V was ignored and the final solution reached an
error very close to the threshold value of 0.001 fixed on F to stop the simulations indicating that
the constrain on V contributed the most to the total error of F while converging towards a final
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solution. The déviation values were similar for the DBH and LA than those observed with ail the
contributions of T. The sums and means of absolute error on the vertical spatial distribution of
material show higher déviations than those observed with ail the contributions of T except for the
Douglas fir which were equals. RMSD values on the vertical profiles of density indices were
higher RMSD values for the western red cedar and western hemlock #1 but lower for the Douglas
fir, western hemlock #2 and the Aleppo pine. The impact of the third term in F has clearly less
effect compared to the first and second term on the final tree models and could potentially be
ignored if the accuracy requirements are met without it.
Table 4-6: For each scénario with given weight factors on the objective fonction (F) the final F
value, DBH and total leaf area. Déviation values are given on DBH and total leaf area, and the
sum and mean absolute error on the vertical spatial distribution of material ^ for the
reconstructed tree models.
Name of Weight DBH Leaf area Déviation of Déviation of Abs. error on
the tree factors
1 (cm) (m2) DBH (%) leaf area (%) material distrib.
Wi W2 W3 Sum Mean
Douglas
fir
0 0.5 0.5 0.044 77.60 850.18 -49.49 0.02 0.10 0.002
0.5 0 0.5 0.047 51.91 938.78 0.00 -10.39 0.10 0.003
0.5 0.5 0 0.001 51.91 848.36 0.00 0.24 0.09 0.002
Western
red cedar
0 0.5 0.5 0.129 34.55 2028.63 44.38 -0.62 0.29 0.008
0.5 0 0.5 0.091 62.12 1246.68 0.00 38.16 0.20 0.006
0.5 0.5 0 0.000 62.16 2016.47 -0.07 -0.02 0.27 0.008
Western 0 0.5 0.5 0.096 19.91 388.00 30.93 0.05 0.19 0.009
hemlock 0.5 0 0.5 0.089 28.82 236.97 0.00 38.96 0.33 0.015
1 0.5 0.5 0 0.001 28.84 388.78 -0.06 -0.15 0.29 0.013
Western 0 0.5 0.5 0.085 16.74 229.98 25.68 -0.14 0.20 0.011
hemlock 0.5 0 0.5 0.055 22.52 119.05 0.00 48.16 0.15 0.009
2 0.5 0.5 0 0.014 21.94 230.03 2.56 -0.16 0.21 0.011
Aleppo
0 0.5 0.5 0.059 40.43 86.78 -55.51 -0.21 0.19 0.011
0.5 0 0.5 0.067 26.29 50.20 -1.12 42.04 0.13 0.008
pine
0.5 0.5 0 0.006 25.69 86.61 1.18 -0.01 0.22 0.013
Calculated hetween the normalized 30 matrices of density indices computed from the TLiDAR scans and surface
density computed from the reconstructed tree models.
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Figure 4-10: Vertical profiles of the density indices for the sériés of simulations ignoring the
constraint on the DBH, total leaf area and the spatial distribution of material respectively: [Top
left] Douglas fir, [Top righl] western red cedar, and [Bottom left, right] western hemlocks. Root
mean squared déviations (RMSD) of the distribution are displayed for the reconstructed tree
models.
4.4.4. Comparison with a coarser tree architectural model
Results obtained by L-Architect were compared with those from a coarser architectural model
without branching structure, the polyhedral model inspired by the one developed by Cescatti
(1997). The values of DBH and LA were known a priori and were set accordingly. Thus the
comparison was donc only on the vertical profiles of material distribution. Fig. 4-11 shows the
vertical profile of the density index and déviation values between reference and simulated tree
structural attribute Y are shown in Table 4-7. The errors on the vertical spatial distribution of
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material were significantly higher than those obtained by L-Architect. RMSD values (Fig. 4-11)
ranged from 0.66 to 3.87 for the western Hemlock #1 and western red cedar respectively. In
comparison to the tree models generated with L-Architect, there were an error ratio
of 3.50, 1.73, 3.11, 4.93 and 1.14 for the Douglas fir, western red
cedar, western hemlocks (#1 and #2) and Aleppo pine respectively. The ratio of the sum for the
absolute error on V (Table 4-4) gave 9.11, 2.45, 2.90, 14.75 and 2.63 for the Douglas fir, western
red cedar, western hemlocks (#1 and #2) and Aleppo pine respectively. Similar results were
obtained with the mean of absolute error. These ratios show that discrepancies for the polyhedral
models were amplified for trees that exhibited high heterogeneity on the vertical material
distribution like the Douglas fir and the western hemlocks (see Fig. 4-2). From these results, it is
clear that the coarser model was not capable to reproduce tree material distribution to the same
level of détail as L-Architect. Moreover, the high RMSD values shown on the vertical profiles of
density indices indicated that modelling branch structure improved significantly the ability to
reproduce material distribution profile measured with the TLiDAR.
Table 4-7: The final objective fonction (F) value and the sum and mean absolute error on the
/j.\
vertical spatial distribution of materiaP'^ for the reconstructed tree coarser models.
Name of the tree F Abs. error on material distrib.
Sum Mean
Douglas fir 0.22 0.82 0.021
Western red cedar 0.23 0.54 0.015
Western hemlock 1 0.20 0.61 0.028
Western hemlock 2 0.17 2.36 0.131
Aleppo pine 0.13 0.42 0.025
Calculated between the normalized 3D matrices of density indices computed from the TLiDAR scans and surface
density computed from the reconstructed tree models.
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Figure 4-11; Vertical profiles of the density indices for the reconstructed tree models with the
coarser architectural model: (A) Douglas Fir, (B) western red cedar, (C, D) western hemlocks #1
and #2, and (E) Aleppo pine. Root mean squared déviations (RMSD) of the distribution are
displayed for the coarser reconstructed tree models.
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4.5. Discussions
The results from the tree architecture model, L-Architect reached ail the research objectives.
L-Archiîect reconstructed plausible tree architectures from multiple TLiDAR scans and external
independent information on tree attributes acting as constraints on the model. It linked a
registered TLiDAR point cloud to an explicit représentation of the tree structural attributes while
removing anomalies présent in the original TLiDAR data: object occlusion, oversampling from
multiple scans, scattered returns from objects due to wind, and it allowed clear représentation of
wood and foliage components. Our results also showed that L-Architect could be used to generate
plausible tree architectures in varions forest environments for différent conifer tree species. Its
robustness therefore allowed the use of TLiDAR scans acquired in non-ideal conditions such as
in the presence of low to moderate wind conditions and/or occlusions of the interior of the tree
crowns. There is however several practical questions that remain to be address for its
implementation in other projects: what are the set of conditions that facilitate its operational
implementation? How to deal with the search of the best solution or with the convergence of the
objective fonction? How can it be improved or expanded from this fîrst stage of development?
4.5.1. Algorithm speed and robustness
Différent algorithms were available to fmd a convergenee solution towards a plausible
architecture. Black-box global optimization algorithms adapted to différent classes of problems
exists (Pintér, 1996). For example, genetic algorithms are well adapted for problems with high
numbers of parameters and are considered as global optimization algorithm (Rolland, 1975).
However, we decided that genetic algorithms were not suitable for our problem because of the
very high number of évaluations required to obtained comparable final solutions: e.g. preliminary
tests showed that at least 1500 évaluations for the genetic algorithms were needed compared to
about 250 for MCS. In complément, local black-box optimization algorithms such as NOMAD
(Abramson et al., 2009) ean achieve good performance but it required an initial guess carefully
chosen to converge toward a final solution. Overall, MCS appeared as the one most adapted
optimization algorithm for our situation.
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Running time converging to a plausible solution with MCS varied widely from one tree to
another as it depended primarily on the number of objects présent in the tree structure. For
instance, some intermediate solutions could produce too many branches and/or foliage éléments
slowing the algorithm considerably. Generally, convergence time for trees of average dimension
(Aleppo pine, western hemlocks) ranged between 2-5 hours on the Sériai Mammoth #2 cluster of
the Quebec Network of High Performance Calculation that used Intel Xeon 5462 2.8GHz
processors (https://rqchp.ca/)^. However processing time could go up to about 31 hours on the
same cluster for very tall trees (Douglas fir, western red cedar). In the context of this study, the
intervais of each parameter were let broad enough to cover most of the possible solutions. In
practice, these intervais could be reduced according to heuristics adapted to particular classes of
trees and measurement configurations which would accelerate significantly convergence towards
a solution. This might be an important considération for implementation of L-Architect in an
operational environment or for development of a large number of tree templates.
4.5.2. Optimization and convergence towards a solution
Several studies used TLiDAR dataset to measure the spatial distribution of tree or forest canopy
components (Hopkinson et al., 2004; Hosoi and Omasa, 2007; Durrieu et al., 2008). Components
distribution of trees were generally assumed to be proportional to the TLiDAR retums as seen in
the resulting point cloud. However, there are several factors affecting the direct measure of
component distribution with TLiDAR data, namely because of object occlusion, oversampling
from multiple scans, wind at the time of data acquisition, differentiation of wood, foliage and
other components, to name the most important. These factors refrain the direct interprétation of
the point cloud to real component distribution. The use of the L-Architect model can remove the
altering effect of these factors but the reliability of the results was largely dépendent on the MCS
optimization algorithm. Results from L-Architect depended on a number of model parameters of
the solution domain: di, dk, P, Ç and Ngaps. It was a tedious task to fmd the parameters value that
led to a realistic tree structure. As an alternate procédure. Côté et al. (2009) based their évaluation
' Détails on Sériai Mammoth #2 hardware: https://rQchp.ca/page/566/EN
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of parameters only on the visual aspect of the tree and validated with the consistency of the
radiative field from simulated scenes. This approach led to plausible tree arehitecture but lacked
the rigour introdueed by the use of an objeetive function. Model parameterization with the MCS
allowed exploring a wide array of solutions given by the range of potential values of ail
parameters in L-Architect, but it conveniently converged to aceeptable solutions with minimal
user intervention. In short, the use of L-Architect provided an efficient way to generate a realistic
tree based on TLiDAR data so that components' distribution could be assessed more accurately,
by reducing the impact of altering factors.
The speed and accuracy to converge towards a plausible solution with the MCS applied to the
objeetive funetion depended on (i) the quality/accuracy of the TLiDAR data, (ii) the reliability of
the extemal constraints from field measurement such as allometric relationship, (iii) the
availability of information on tree architecture eonsidering its physical environment such as
branch/foliage structure and spatial development, and (iv) the relevance of the objective function
according to the problem. The first three points can vary between field campaigns, sites and
speeies. However, the objective function remains the same for ail cases and it is designed to
evaluate the parameter values of the model that minimize the déviations from measurable
constraints: DBH, LA and V. We found that modelling results were strongly affected, leading to
poorer results, if we removed DBH or LA from the objective function thus confirming their
relevance. L-Architect gave high-quality results when constrains on DBH and LA were used with
a threshold of relative error around 1% was applied on those two attributes. Conversely we did
not find a large loss of accuracy when V was ignored. In praetiee, L-Architect used a subset of the
TLiDAR point cloud whieh was also used as main input for V. This reduced the eontribution of
V in the objective function. The low RMSD values on V showed that the eombined methods
implemented in L-Architect model distribute faithfully the material with the information gathered
from the TLiDAR registered point elouds, even in the case when V is not used in the objeetive
function. Regardless of this small contribution, ignoring V in the objective function increased the
discrepaneies between what the TLiDAR Systems was actually capable of measuring particularly
when wind- and ocelusion-induced artifacts were significant. Overall, our analysis confirmed that
the use of DBH, LA and V were justified even with the small contribution of V. The extra
153
computation required to include V was justified to our opinion to make sure that L-Architect
provided realistic results precisely for cases when wind and occlusion were important.
4.5.3. Improvement and expansion of L-Architect
Results from our simulations using L-Architect suggest that its current implementation provided a
convenient tool for accurate représentation of component distribution of conifer trees. It allowed
detailed représentation of tree architecture circumventing the anomalies affecting direct
interprétation of the TLiDAR point clouds. We can propose several areas of improvement based
on our experience from this study. We based convergence to realistic architecture on
characteristic values of DBH, LA and V taken from field campaigns. In addition to
species-specific information, the objective fonction could be supplemented with other values or
relationships that would be région- or site-specific to address fmer level of architectural détails of
the modeled trees. Example of such values could be the use of total volume or biomass values.
Similarly, suitable allometric relationships could include specialized trunk taper functions or
branch diamétral relationship with height. Information on foliage distribution was important to
facilitate modelling; however this is often a difficult measure to get from fieldwork or literature.
As a second significant improvement, our analysis on two différent shoot models showed that
sélection of a shoot model had a significant impact on the overall modelling accuracy.
Species-specific conifer shoot models could be specified in accordance with field measurements,
where more général models (e.g. pine vs spruce) would be gradually refmed for différences amid
species as well as site, âge and stress related factors (Smolander and Stenberg, 2003). With
improved objective functions and better shoot model, we think that it would bring subtle but
interesting improvement on the current version of L-Architect.
Several paths for expansion of the application of the model can be considered. First, this initial
development of L-Architect was applied to conifer species. However, we do not foresee any
difficulties to allow implementation of deciduous tree species. Successful implementation would
also be dépendent in this case also on the availability of reliable measures in the objective
fonction. A second practical expansion would be the inclusion of species-specific rules to model
trees. The L-System formalism used in our method was applied to the addition of foliage element
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only but could be expanded on the wood structure formation. The addition of realistic botanical
rules spécifie to the species and environmental factor driven by TLiDAR point cloud, light
transmission and structural attributes in F would improve the realism of the modeled trees. For
instance, the leaf normal distribution is a key structural parameter when estimating leaf area
index from remote sensing instruments involving model inversion (Govaerts and Verstraete,
1998; Foumier et al, 2003; Leblanc and Fournier, 2010). Leaf normal distribution was ignored in
the current implementation of L-Architect but it could be used to improve représentation of
foliage elements orientation on branch structures. A third and important expansion would be
model représentation from individual trees towards a forest canopy. We think that a practical way
to proceed would imply producing a catalogue of tree models representing the structural variety
of a forest canopy. As a last suggestion for expansion, we think that it would be useful to use the
complementary information from airborne lidar Systems for cases where point density would be
relatively high. This bas the potential to add more information on component distribution at the
top of the canopy but also to up-scale forest attribute mapping for stands larger that those
collected by the TLiDAR.
4.6. Conclusion
The model proposed in this study, L-Architect, produced realistic tree architecture in three steps.
Firstly, it extracts an initial skeleton from the 'wood' point set extracted from the point cloud
datasets acquired by a TLiDAR to defme location of the trunk and first-order branches of the tree
model. Secondly, L-Architect grows a complété branching structure from the initial skeleton
using the 'foliage' points as an attractor set. Thirdly, L-Architect adds foliage elements at the
terminating end of every branch and within the interior of the tree crown using a light availability
model. As a final step, an optimization algorithm créâtes the most plausible tree structure by
minimizing an objective function based on in situ measurable constraints. As a first study
objective, our results show that L-Architect is an effective way to remove current limitations of
TLiDAR dataset affecting évaluation of tree component distribution, namely the effects of
(i) object occlusion, (ii) object oversampling, (iii) wind, and sometimes (iv) incomplète coverage
from the TLiDAR. As a second study objective, L-Architect is also useful to evaluate the amount
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and characterize the detailed distribution in 3D of wood and foliage, something that is generally
impracticable to do from the analysis of TLiDAR data alone in natural mature forest
environment. Beyond explicit architecture représentation, L-Architect improved over a
représentation using convex hulls as a geometrical model, particularly by providing a realistic
vertical distribution of tree components.
Although our study applied on 5 trees belonging to 4 différent conifer species scanned in natural
forest environment, we can expand the model to many other contexts. It is applicable to other
conifer species and easily expandable to deciduous species. L-Architect also opens the way to
model a complété canopy with TLiDAR scans and augment the structural information extracted
from airbome LiDAR data. Among the limitations for the use of TLiDAR data, L-Architect is
particularly useful to deal with the problems of occlusion and the séparation of wood-foliage for
which there are few (and often limited) alternatives, particularly in conifer forests. Therefore
L-Architect is an effective tool to link TLiDAR data to detailed 3D distribution of tree structures
at fme-scale. Our approach reduces substantially the need for destructive measurements of
canopy structure while providing estimate at the same level of accuracy and could potentially
support efforts in the development and validation of remote sensing products of végétation.
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5. Modeling forest canopy architecture for improving structure spatialization with small-
footprint airborne lidar
Modélisation de l'architecture des couverts forestiers pour améliorer la spatialisation de la
structure avec un lidar aéroporté à petite empreinte.
Auteurs : Jean-François Côté, Richard A. Fournier, Gordon W. Frazer et K. Olaf Niemann
Article à être soumis dans « Agricultural and Forest Meteorology ».
Résumé :
La structure du couvert forestier constitue l'arrangement spatial complexe du feuillage, des
branches et des troncs d'arbres, et elle a été un point important en recherche en raison de son
influence sur un large éventail de processus biophysiques et écologiques. La technologie lidar
(light détection and ranging) a été utilisée pour évaluer la structure du couvert et estimer les
attributs de la végétation à la fois par les systèmes aéroportés et terrestres. Bien que le LiDAR
s'est révélé être un outil efficace pour la cartographie du couvert forestier, la capacité à sonder
tous les éléments du couvert est limitée en raison de l'occlusion du signal par des objets placés
entre le capteur et la région cible. L'impact de cette occlusion est variable dans une scène et ainsi
limite les mesures directes de la distribution spatiale des composants de la canopée ou la densité
spatiale. Cette limitation peut être atténuée en utilisant l'information sur l'architecture 3D du
couvert végétal combinée avec les données LiDAR. Nous proposons d'augmenter la capacité de
décrire la structure verticale et horizontale du lidar aéroporté à petite empreinte avec une
reproduction fine de l'architecture 3D de la canopée. Notre approche s'appuie sur la
reconstruction des sites forestiers documentés avec des catalogues de scans lidar terrestre
individuelles (TLiDAR) d'arbres individuels et l'utilisation d'un modèle architectural appelé
L-Architect (Lidar data ta végétation Architecture). L-Architect a été développé pour lier les
scans TLiDAR aux attributs structurels d'arbres en reproduisant la structure de branches et la
distribution spatiale du feuillage dans la couronne selon les informations recueillies par inventaire
terrain. Le potentiel de L-Architect à reconstruire l'architecture des couverts forestiers est évalué
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avec la comparaison des profils verticaux de la densité du matériel d'un peuplement forestier
calculée à partir de scans TLiDAR. Notre méthode s'est avéré un moyen efficace pour relever les
limitations des systèmes LiDAR à l'extraction de la structure 3D du couvert, à savoir l'occlusion
objet. La suppression de l'effet d'occlusion des données ALiDAR avec L-Architect a permis de
quantifier l'importance de ce facteur sur l'estimation à partir de données non traitées. À partir de
notre site d'essai, elle représentait une diminution de la corrélation de 25% à 55% pour les profils
verticaux et horizontaux de la densité du matériel respectivement. Nous avons démontré
comment L-Architect peut être utilisée pour créer des cartes 3D précise de densité des
composantes de placette à partir de données LiDAR à travers la quantification des profils
spatiaux de la surface foliaire et le volume de bois.
Mots-clés : Modèle d'architecture, couvert forestier, lidar terrestre, lidar aéroporté,
caractérisation de la structure.
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Abstract
Forest canopy structure constitutes the complcx spatial arrangement of foliage, branches, and the boles
of trees. Measuring forest canopy structure is an active research question because of its influence on a
wide range of biophysical and ecological processes. Light détection and ranging (LiDAR) technology
bas been used to assess canopy structure and to estimate végétation attributes both with airbome and
terrestrial Systems. Although LiDAR proved to be an effective tool to map forest canopy, the ability to
probe ail canopy éléments is limited by signal occlusion by objects placed between the sensor and
target area. The impact of this occlusion is variable throughout a scene and therefore refrains direct
measurement of spatial distribution of canopy components or spatial density. This limitation can be
alleviated by using information on 3D canopy architecture combined with LiDAR data. We propose a
method that allow detailed description of 3D stand structure from small-footprint airborne LiDAR
(ALiDAR) with fme-scale 3D architectural reproduction of canopy and that remove the impact of
object occlusion. Our approach involved reconstructing documented forest sites with catalogues of
terrestrial LiDAR (TLiDAR) scans of individual trees and the use of an architectural model called
L-Architect (LiDAR data to végétation Architecture). L-Architect has been developed to link TLiDAR
scans to tree structural attributes which reproduce the branching structure and foliage spatial
distribution of a tree according to information gathered from field inventory. The potential of
L-Architect to reconstruct forest eanopy architecture was assessed through the comparison of vertical
profiles of material density of a forest stand calculated from TLiDAR scans. Our method was an
efficient way to remove the limitations of LiDAR Systems on retrieving 3D canopy structure, namely
the object occlusion. The removal of occlusion effect from the ALiDAR data with L-Architect allowed
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quantifying how significant this factor affects the estimation from untreated data. From our test site, it
accounted for a decrease in corrélation of 25% to 55% for the vertical and horizontal profiles of
material density respectively. We demonstrated how L-Architect can be use to make accurate 3D maps
of stand component density using LiDAR data through the quantification of leaf area and wood volume
spatial profiles.
Keywords: 3D architectural model, terrestrial LiDAR, airbome LiDAR, forest canopy structure.
5.1. Introduction
Canopy structure has an important rôle in biophysieal processes at différent scale as it is the main
driver to most interactions between végétation and its physical environment. In practice, the structure
détermines microclimâtes and ecological processes which govern material exchanges (Parker, 1995).
The amount and spatial organization of aboveground végétation éléments influence both the
atmospheric-radiometric environment within canopies and the canopy-atmosphere exchanges.
Components of canopy structure act as absorbing surfaces for solar radiation and wind energy, serve to
dissipate turbulence, and the control gas exchange process of biological compounds such as the CO2
and water vapour. The spatial organization of the végétation élément influences greatly the radiation
régime above and within canopy. At any particular level in the canopy, the incoming direct and diffuse
solar radiation may vary considerably due to the presence of sunflecks and shadows area with
transitional areas, called penumbra (Ross, 1981). Interspecies compétition for space as well as the
régénération and replacement dynamic between individuals are two important factors that contribute to
the horizontal and vertical organization of canopy éléments and incidentally the radiation régime.
These factors and the biophysieal responses of forest canopy structure are correlated to planf s growth,
survival and reproduction. The quality of the structural description is directly linked to our
understanding of components which maintain physiological mechanism of plants, ecological processes
and exchange at the atmosphere-vegetation interface.
Canopy architecture refers to the 3D organization in space and time of aboveground forest végétation
components including their position, orientation, quantity, type and connectivity (Ross, 1981; Norman
and Campbell, 1989). The complexity of canopy architecture greatly limits measurement of forest
attributes and identification of the spatial composition and structure of forest landscapes or patterns
(Turner, 1989), from satellite remote sensing imagery. While fieldwork remains critical as source of
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information, the cost and time to acquire a suitable dataset of ground measurements is often not
feasible. In complément, remote sensing allows spatially explicit estimâtes when a minimum of support
dataset is available. However issues of scale, végétation phenology, temporal Windows for data
availability, and the available band sets must ail be looked into very closely for sélection of suitable
imagery (Marceau et al., 1999; Wu and Li, 2009). For several décades, remote sensing Systems were
often limited by coarse spatial resolution. We now bave a very wide range of spatial resolutions
spanning from the meter to the kilométré. Thus the main limitation for the use of remote sensing in
forestry is not tied to the spatial resolution anymore but strongly linked to our ability to deal with the
3D spatial distribution of canopy elements. Consequently improving mapping methods using remote
sensing is intimately tied with better knowledge of forest canopy structure.
Forest canopy architecture has a major influence on the images collected by remote sensing sensors
from above the canopy at ail wavelengths. Measuring végétation attributes by remote sensing requires
an a priori knowledge on spectral and structural properties of the végétation canopy which influence
the measured signal by the sensor. Structural information can often be inferred by médium to high
spatial resolution optical satellite (Holmgrem and Thuressen, 1998; Hyyppâ et al., 2000; Cohen and
Goward, 2004; Running et al. 2004). Multi-angular measurements are sensible to the végétation
structure (Pinty et al., 2002; Widlowski et al., 2(X)4) but current médium spatial resolution instruments
(e.g. MISR) are not well adapted to fine scale measurement of forest canopy structure. It becomes more
apparent from very high spatial resolution satellite where local variability needs to be dealt with
(Lefsky and Cohen 2003; Wulder et al., 2004; Leckie et al., 2005). ALiDAR has proven to be very
effective at assessing stand parameters (Parker 1999; Hyyppâ et al., 2008). However, ail these remote
sensing tools are still limited by the ability to address the complexity of most forest ecosystems.
Consequently, this motivated the development of in situ remote sensing methods to allow fine
measures of forest structure. Those approaches exploit the hypothesis that canopy structure can be
assessed with gap fraction measured from the ground, e.g. hemispherical photography (Chen et al,
1997; Foumier et al, 2003, Leblane et al, 2005). The main complexity in the application of inversion
method to extract structural attributes with these approaches is that the 3D arrangement of the canopy
elements is view in a 2D framework.
LiDAR {Light Détection and Ranging) technology provides 3D position of canopy elements and is
particularly well suited to characterize canopy structure, from airborne or terrestrial Systems. LiDAR
remote sensing is used to study at fine-scale the heterogeneity of the structure and is applied to the
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estimation of structural attributes of the canopy (Omasa et al., 2007). With an adéquate sampling, the
combined use of airborne LiDAR (ALiDAR) and terrestrial LiDAR (TLiDAR) data increases the
amount of information on canopy structure. Nonetheless, signal atténuation or occlusion by other
canopy cléments prevent a complété profiling of material distribution. Moreover, current LiDAR
Systems do not gather multi-spectral information allowing a proper characterization of canopy
components. Thus extracting methods to estimate structural attribute are generally based on empirical
relationships that are environment- or site- spécifie. This limitation can be alleviated by using
information on 3D canopy structure to combine it with the LiDAR data. Support of in situ methods to
improve local measures of forest structure is important to link with above-canopy remote sensing,
however in view to the complexity of most canopy architecture, this might not be sufficient to address
the measurement limitations.
Architectural model may also come in support for a better understanding of forest structure and its
measurement. Since an exact représentation of canopy structure is not really possible, architectural
modeling provides various levels of simplification to simulate it. Architectural models describe, under
the possible confine of a sériés of simplification assumptions, the geometrical and topological
organization of the végétation components that defines individual plant architecture. Growth patterns
and resulting distribution of stems and foliage can in turn be used to describe the canopy structure. One
of the simplest approaches represents element distribution in a spatial continuum called turbid médium
where ail foliage elements are assumed randomly distributed inside an infinité homogeneous layer
(Suits, 1972; Verhoef and Bunnik, 1981). Refinement of this spatial représentation was done by
modeling geometrical parameters of tree crowns envelopes with branch and shoot elements distributed
like a turbid médium within the crowns (Horn, 1971; Nilson and Peterson, 1991). Another sériés of
architectural models reproduce plant physiological process and fine scale architecture taking advantage
of (i) plants' geometric/topologic information from explicit measurements (e.g. Sinoquet and Rivest,
1997; Landry et al., 1997) and (ii) knowledge on growth processes and plant genetic (e.g. Mëch and
Prusinkiewicz, 1996; Perttunen et al., 1996; Godin et al., 1999). Representing tree architecture is
particularly challenging when dealing with mature trees in complex environments. Architecture models
need to identify irregularities in recursive branching, branch mortality, adaptive branch development
from available light and inclusion of factors significant to tree growth (e.g. crown shyness, rules for
mechanical expansions of branches) (Runions et al., 2007). Modelling fine détails of canopy
architecture in forest environment suppose the ability to deal with (i) a high spatial and temporal
variability at ail organization scale, (ii) a high quantity of measurements requires to describe suitably
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both structural and spectral properties of the canopy éléments and (iii) practical constraints to measure
mature trees in natural forests (Fournier et al., 1997).
TLiDAR are well adapted to take detailed measurements of the 3D structure of forest canopy at spatial
resolution in the order of the centimeter. TLiDAR have been used for estimating dendrometric
parameters in forests (Simonse et al., 2003; Hopkinson et al., 2004), the leaf surface density of
individual trees (Hosoi and Omasa, 2006) and to measure directional gap fraction of forest canopy
(Danson et al., 2007) to name a few. Point clouds datasets resulting from TLiDAR scans provides a raw
perception of canopy éléments distribution in 3D but it does not provide spécifie information on
canopy élément geometry and connectivity. In addition, the point cloud is not a complété scene
représentation as it is affected by object occlusion from the incoming laser beam (Hopkinson et al,
2004). Therefore, TLiDAR datasets require a knowledge-based method to synthesize and quantify the
available spatial information into useful measures to canopy parameters. TLiDAR dataset combined
with adapted and detailed algorithms for the représentation of forest canopy motivated the development
of a fme-scale explicit and robust architectural model called L-Architect (LiDAR data to tree
Architecturé) (Côté et al., 2009; 2010). L-Architect was designed to implement a practical method to
synthesize and quantify spatial distribution of tree components from TLiDAR point clouds resulting in
an explicit description of forest 3D architecture. L-Architect uses geometrically registered TLiDAR
scans of individual trees for reconstructing its géométrie and topological structure which in tum allow
retrieving detailed tree structural attributes. Up to now, L-Architect was only used for assessing
individual trees. We propose this study to bring the use of L-Architect to the next step, i.e. towards the
représentation of an entire forest canopy. A général objective was to model forest canopy architecture
to improve horizontal and vertical structure characterization with ALiDAR data. Three spécifie
objectives were proposed to meet this objective. Firstly, we developed a strategy to reproduce a high
number of tree structures detailed at the shoot level to create virtual realistic forest stands of
documented sites. Secondly, the impact of object occlusion on structure spatialization with LiDAR
Systems was assessed to show the limitation of both airborne and terrestrial instrument in profding
canopy structure. Thirdly, we increased the capacity of describing the vertical and horizontal structure
from small-footprint ALiDAR with fme-scale 3D architectural reproduction of canopy. Quantitative 3D
maps of structural attributes from reconstructed forest canopy were created as an example of
L-Architectes rôle in support to development and validation of ALiDAR products at the stand/landscape
level.
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5.2. Material
The expérimental site of the upper portion of the Greater Victoria Watershed on Vancouver Island,
Canada, was characterized by mature végétation found on the southwest coast of Canada and northwest
coast of the United States of America (British Colombia Ministry of Forests, 1991). The four dominant
species in term of their basai area within the selected sites were Douglas fir {Pseudotsuga menziesii),
western red cedar (Thuja plicata), western hemlock (Tsuga heterophylla) and Lodgepole pine (Pinus
contorta). Forest harvesting on this site involved the tree rétention of représentative, healthy and
mature seeders to favour recolonization of the site after forest opérations. This tumed out to be useful
to facilitate scans from différent view points with the TLiDAR. Individual trees and a rétention patch
(~ 0.4 ha) were scanned. Four trees were selected as représentative mature trees typical of the
expérimental site: one Douglas fir, one western red cedar, and two western hemlocks. AU four trees
were positioned by GPS and measured for their diameter at breast height (DBH) and height. The
rétention patch was composed of 279 trees with 215 Douglas firs, 2 western red cedars, 11 western
hemlocks, 47 Lodgepole pines and 4 red alders {Alnus rubrd). Inventory fïeld campaign on the
rétention patch was conducted in November 2001 where the georeferenced position, species, DBH, and
total height were measured for ail trees. The main site characteristics of the rétention patch are shown
in Table 5-1.
Table 5-1: Site characteristics of Malahat rétention patch.
Sites Characteristics Malahat rétention patch
Cover Type Coniferous
Canopy Type Closed and Clumped
Location Vancouver Island, Canada
Dominant Species Douglas fir {Pseudotsuga menziesii), western red cedar {Thuja
plicata), western hemlock {Tsuga heterophylla), Lodgepole
pine {Pinus contorta)
Longitude 123°34'37"W
Latitude 48°36'47" N
Altitude (m) 475
Area (m^) 3862
Basai Area (m^/ha) 37.47
Tree/ha 723
Mean DBH (cm) 20.7
Mean Tree Height (m) 18.6
Slope 11°NW
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Ail coniferous trees and the rétention patch were scanned November 2001 with a TLiDAR: the Ilris-3D
of Optech Inc. (www.optech.ca). The laser System emits light at ISOOnm and scans with a maximum
viewing window of 40°x40° that can be adjusted in situ to fit target objects. This system measures the
3D position and signal backscattering intensity of either first or last retums. AU TLiDAR scans made in
natural forest environments usually require dealing with occlusion between the varions végétation
components (Hopkinson et al., 2004). To reduce the négative impact of signal occlusion, TLiDAR
scans were donc from 3 to 5 positions on individual trees. Similarly scans were made in 5 and 4
positions to capture ail the trees in the rétention patch with the first and last return mode respectively.
The Ilris-3D positions and the TLiDAR dataset of the rétention patch are shown in Fig. 5-1. The data of
the fourth position of the last retum mode was corrupted and had been discarded. Douglas fir, western
cedar and western hemlock trees were scanned with a mean beam density of 2.5mm, 3mm and 5mm
respectively, and the rétention patch was scanned at 6mm in average, where ail beam density values are
estimated at 15m from the scanner. TLiDAR was located at distances from 20 to 50m from the trees
depending on tree height in order to be able to get the whole tree in one scan within the viewing
window. First return acquisition mode was selected for ail individual trees and the both first and last
retum for the rétention patch. An individual Lodgepole pine was extracted from the edge of the
rétention patch scan in last retum mode to enhance the samples of the dominant species. No scans of
individual red alders were available but it did not constituted a prédominant tree in the selected site (4
occurrences mainly within the lower canopy levels). The tree DBH (in cm) and height (in m) values
were of {57.6, 36.8}, (68.1, 32.1), {31.6, 20.2}, {23.7, 13.5} and {25.3, 21.9} for the Douglas fir,
westem red cedar, western hemlock #1, western hemlock #2 and Lodgepole pine respectively. Fig. 5-2
shows the TLiDAR dataset of the 5 individual trees (top) and the tree DBH and height distribution of
the Malahat rétention patch (bottom).
173
si Mâianr^
r:'
■m
MS/
Figure 5-1: [Top left] Photography of the Malahat rétention patch. [Top right] Schéma of the 5 Ilris-3D
instrument positions during the individual scans acquisition. [Bottom] Terrestrial lidar co-registered
point cloud (last retums) of the Malahat rétention patch side [left] and top [right] view.
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Figure 5-2: [Top] Individual TLiDAR co-registered point clouds of individual trees. From left to right:
Douglas fir, western red cedar, western hemiock #1, western hemiock #2 and Lodgepole pine. [Bottom]
Tree DBH (left) and height (right) distribution over 5 classes of values for the Malahat rétention patch.
The 3D point clouds taken by the TLiDAR from différent view points were aligned into one géométrie
o
coordinate system with the software Pointstream (©3DImageSuite) . Point clouds alignment algorithms
relied on the ability to fmd common points (also called reference points) visible from différent scans.
The alignment procédure for multiple points of views was done iteratively taking one reference
viewpoint and adding gradually one other viewpoint (point cloud) at a time to form one aligned and co-
registered 3D point cloud. Merging of two individual point clouds was done by using an itérative
closest point algorithm developed by Besl and McKay (1992). Alignment accuracy was calculated as
the estimated a root mean square error (RMSE) calculated by the software and was less than 4 mm for
' http://www.arius3d.coin/
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ail the co-registered point clouds for the trees of our study. An additional alignment of the co-registered
point clouds for the rétention patch was necessary to georeference the datasets. The final alignment
accuracy for the rétention plot was a RMSE of 2.55 m and 7.61 m for the first and last return datasets
respectively. The largest (and différent) error on the last return co-registered point cloud was due to a
repositioning of the Ilris-3D between two successive first/last scans for the view #1.
A data acquisition campaign was conducted in 2001 and 2006 to collect ALiDAR datasets over the
Malahat site. The main characteristics of the flight and of the small footprint multiple retums ALiDAR
instrument are reported in Table 5-2 for both years. The acquisition mode for both flights was the first
and last return. Point density was 0.4m x 1.0m in 2001 and denser in 2006®. This différence in spatial
resolution offered to explore the possibilities to extract and characterize the full profile of the vertical
canopy structure from ALiDAR (Fig. 5-3).
5.3. Methods
5.3.1. Architectural mode! of individual tree
L-Architect was designed for faithful reconstruction of 3D tree architectures based on the use of point
clouds from TLiDAR scans. It required the alignment of several 3D point clouds of TLiDAR scans
from différent viewpoints. Further détails of this modeling approach can be found in Côté et al. (2010)
by to summarize, it simulate a tree from three steps: (1) separating foliage and wood points from the
3D point clouds, (2) producing a trunk and branch structure and (3) populating foliage on the crown.
Thus the first step of the proposed algorithm consist in segmenting the co-registered 3D point cloud
into a predominantly wood and a predominantly foliage components, on the basis of the intensity
information of the TLiDAR returns.
' The 2006 Malahat lidar survey and flight parameters were net yet available. Information in the text and Table
5-2 will be updated accordingly in the final version of the thesis and the manuscript.
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Table 5-2: Airborne lidar flight characteristics for year 2001 over the Malahat rétention patch.
Year 2001
Laser RiegI Q140i 60, Class 1 eye safe
Acquisition mode First and last puise and intensity
Altitude 220 m
Swath width 220 m
Laser wavelength 900 nm
Scan angle ±30°
Flight overlap 40%
Flight line spacing 120m
Scan rate 34Hz
Beam divergence 0.003 rads
Point density 0.4m X 1 .Om
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Figure 5-3: Airborne lidar (ALiDAR) first and last retums of the Malahat rétention patch for the year
2001 and 2006.
High reflecting intensities are typically associated to wood and low reflective intensity to foliage.
Secondly, the reconstruction algorithm uses the points related to the wood structure to extract a
skeleton structural frame defming the trunk and first-order branches of modelled tree through a sériés
of segments geometrically and topologically connected to represent a tree. Thirdly, it uses the points
related to the foliage as a set of attractors to grow a finer branching structure from this initial tree
skeleton. Foliage attribution is dépendent on the adoption of a typical foliage (shoot or leaf) structure
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unit that will be use for that tree. One foliage unit is initially added at each terminating end of ail
branches. More foliage is added on the inner segments of the crown depending on light availability
estimated through a transmission model. Parameterization of the tree reconstruction model is donc via
an optimization algorithm called MCS (Global Optimization by Multilevel Coordinate Search; Huyer
and Neumaier, 1999) which créâtes automatically a realistic detailed tree structure that fit the
information gathered from TLiDAR scans, in situ measurements (e.g. DBH) and allometric
relationships (e.g. total leaf area). The tree reconstruction model was applied to the four conifer species
of the study. Robustness and validity of the modeling approach was tested in Côté et al. (2010) for
these trees. Modelled trees have the advantage of providing explicit 3D distribution of wood and
foliage which is useful to extract forest architectural metrics. Overall, the tree reconstruction model
allow to produce probable tree architecture from TLiDAR data but by removing bias from the input
data like object occlusion, object oversampling, and impact of wind.
5.3.2. Forest canopy reconstruction
We wish to expand from tree reconstruction using the L-Architect model towards full 3D forest canopy
reconstruction with the supplemental help from inventory data. The TLiDAR co-registered point clouds
of the five individual trees were used to build a catalogue. We associated with each co-registered point
cloud its species, DBH and total height. For each tree found within the rétention patch, the algorithm
chose a tree from the catalogue a co-registered point cloud from the same species that minimized the
following constraints:
(5-1)
DBH, H
I  t
with DBHi, Hi the DBH and total height of the tree from the inventory, and DBHs, Hs the DBH and
total height of the tree from the catalogue sample. In practice, we conserved the original wood skeleton
and set of attractors which saved much manipulation for the segmentation and computer time for the
skeleton extraction. Therefore the wood and foliage spatial distribution remained the same for the new
tree but it is scaled through the MCS optimization algorithm for model parameterization (Côté et al.,
2010). Then, we applied a scaling factor to the skeleton structural frame and the attractor points to
obtain the same approximated crown dimension of each tree found in the rétention patch. The scale
factor was defined by the ratio H/Hs. An itérative procédure applied L-Architect to produce the tree
structure that minimized the constraint on DBH and total leaf area LA defined as follow:
min r = min
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-DBH„
+ w.
LA , - LA .
ref sim (5-2)
where each terms are multiplied by a weighting factors: w/ and W2. LA is the total leaf area of the tree.
Applying F, the objective function, provided a quantitative comparison between the reference {ref) and
the simulated {sim) trees for the selected structural attributes. LA reference values {LAref) were
calculated following the Malahat site-specific allometric relationship:
LA^^f = 2 • (0.4781 • (5.3)
with rd a constant fixed at 10.5 for ail species (Smith, 1993). Each simulation with MCS found the best
approximated solutions below a threshold value for the objective function set to 0.001 or until it
reached the maximum number of model évaluation set to 1000. In practice, MCS continued to run after
the 1000 évaluations until it found significant improvement to a final solution but it stops when no
significant gain was found from further évaluations. Weight factors w/ and W2 were set to 0.5 in order
to bave an equal importance for both constraints. The ranges of potential values for each parameter in
L-Architecfs were set as in Côté et al. (2010). We also used the same generic shoot model (Côté et al.,
2010) for ail the trees because of the lack of information concerning actual shoot structures of the
différent tree species.
The sériés of procédures were repeated for ail 279 trees of the rétention patch. In the case of the four
red alders, the algorithm chose a tree from ail samples (disregarding the species) in the catalogue
minimizing Eq. 5-1 but ignored the species constraint. The final 3D géométrie représentation of the
rétention patch with the 279 modelled trees was spatialized in a 3D array of voxels due to the large
amount of objects included in the whole scene and limited computer memory capacity. The dimension
of the voxels in the 3D array was set to Im xlm xlm. Each tree of the patch was positioned at the
location identified from the inventory in the rétention patch and was rotated randomly in azimuth to
avoid spurious frequencies in the scene. Once positioned, we extracted a sériés of structural attributes
from each individual tree and spatialized those attributes within the 3D array of voxels encompassing
the area of the rétention patch. Each voxel included information about the density within the voxel's
volume of leaf area, wood volume or intercepted surface (sum of woody and foliage surface area). It
was thus possible with this methodology to process each tree iteratively and keeping in memory only
the content of one individual tree and the 3D array of voxels that was iteratively updated according to
the tree structural attributes. At the end of that procédure, we obtained a 3D array of voxels of the
reconstructed site including the structural attributes relevant to evaluate our modeling approach.
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5.3.3. Comparison of 3D datasets of canopy
Destructive measurements in the rétention patch were net an option for the évaluation of our model. No
independent and reliable dataset was available to validate our approach. Therefore, we choose to
compare the results from L-Architect with the spatial distribution of canopy components from the
TLiDAR and ALiDAR. Ail the LiDAR datasets were spatialized in 3D arrays of square voxels (Im of
side) encompassing the rétention patch. However, data comparison between the LiDAR data and the
architectural model had to deal with différent quantity. AU LiDARs gathered 3D point clouds
corresponding to a sample of canopy component position (and return intensity) whereas L-Architect
provides a detailed description of the stand architecture ineluding the position but also the size and
orientation of canopy components. We first compared results from L-Architect with the number of
LiDAR retums per voxel without any post-processing for four cases; the TLiDAR (first and last
retums) and ALiDAR (2001 and 2006 datasets). Comparison was made on a sériés of vertical profiles
and XY-plane projection of the normalized spatial distribution of material. For ail LiDAR datasets, ail
the numbers of data points recorded in each Im height bins were added to détermine the total number
of points in that bin. Then normalized vertical profiles could be generalized for each LiDAR dataset by
using the height bin's total. Similarly for the modeled stand made from L-Architect, we could generate
a normalized vertical profile of wood, foliage or eombined components. The XY-plane projections
were also done by summing the number of LiDAR returns over Im square vertical columns to
normalize individual profiles. Taylor diagrams (Taylor, 2001) were used to compare pattem similarity
from the resulting profiles. Taylor diagrams provide a way of graphically summarizing how closely a
pattern (or a set of pattems) matches observations. The similarity between two pattems is quantified in
terms of their corrélation, their centered root mean square déviation and the amplitude of their
variations represented by their standard déviations. These diagrams are especially useful in evaluating
multiple aspects of complex models. Thus, for each vertical/horizontal profile we calculated the
standard déviation (a). Between each pairs of vertical/horizontal profiles available from the différent
LiDAR datasets and the reconstructed rétention patch with L-Architect we calculated and the centered
root mean square déviation (RMSD) and the corrélation coefficient (r). The a, RMSD and r in were
defined as:
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where jc„ j, are two arrays of length N and x, y are the mean values of jc„ y, respectively. These
comparisons led to quantify the différence between the reconstructed stand and each LiDAR datasets
which in turn help to assess the impact of factors like the occlusion problem or the data acquisition
spécifications.
The évaluation of L-Architect was performed in three steps. Firstly, we assessed at the tree level how
the algorithm was able to match the constraints in the objective function Y (Eq. 5-2), i.e. the in situ
measured DBH and calculated LA from the allometric relationship (Eq. 5-3). Secondly, we compared
at the stand level the measured and simulated values of basai area and total leaf area per tree specie.
Thirdly, the vertical profile calculated from the TLiDAR last return dataset was compared to the one
calculated from the reconstructed patch with L-Architect. This required a preliminary analysis on the
TLiDAR datasets for choosing the most adapted to evaluate the architectural model. Then, we used the
reconstructed 3D architecture of the rétention patch to assess the impact of occlusion problem with the
TLiDAR instrument over the rétention patch. To do so, we first compared the vertical profiles
calculated with the TLiDAR data with those from L-Architect for two small portions located in the
center and at the edge of the rétention patch respectively. In a second step, we compared the horizontal
profiles over the entire rétention patch. A similar analysis was done on the ALiDAR datasets where we
compared the vertical and horizontal profiles calculated from the ALiDAR data and L-Architect.
Finally, an application example of L-Architect in producing 3D attribute map was done by generating
profiles of leaf area and wood volume of the rétention patch.
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5.4. Results and their interprétations
5.4.1. Reconstructed rétention patch with L-Architect
Every tree located on the rétention patch of Malahat was reconstructed with L-Architect using the
optimization algorithm MCS. An image of the reconstructed rétention patch rendered with the ray
tracing software PBRT (Pharr and Humphreys, 2004) is shown in Fig. 5-4. The image is not the actual
reconstructed site, for représentation purposes we used only the five tree models corresponding to our
catalogue of individual tree by TLiDAR scans in order to fit the scene within the available computer
memory. Real reconstructed site recalculated ail trees by rescaling the relevant tree type from the
catalogue. As mentioned in section 3.2, there was no red aider scanned by the TLiDAR and a sample
from the catalogue was chosen disregarding its specie to reproduce each red aider tree. It happened that
ail 4 red alders présent on the rétention plot were replaced by a sample belonging to one of the western
hemlock. We compared tree and stand structural attributes between values measured in situ or
calculated from allometric relationship and those obtained from the simulations with L-Architect.
0"^
Figure 5-4: Rendered image of the reconstructed Malahat rétention patch with L-Architect architectural
model: only five individual tree models (from the scans of Fig. 5-3) were used to render that image.
At the tree level, Fig. 5-5 shows the distribution of the relative absolute déviation on the individual
constrains (DBH, LA) and taken overall with F (Fq. 5-2). Table 5-3 détails the statistics on the
déviation distributions for each parameter (DBH and LA) and the overall F value. The distributions are
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strongly positive asymmetric with high kurtosis values where most of the relative absolute déviations
are within the range 0-10%. Those results indicate that our modeling approach did reproduce the
individual tree structures with values of DBH and LA within an absolute déviation of 0-10% which can
be considered high accuracy. The outlier trees, i.e. those with relative absolute déviation higher than
10%, had generally DBH and LA values less than their reference values measured/calculated on the
rétention patch. We have reason to believe that the small number of samples in our tree catalogue
limited L-Architecf s, ability to cover the whole range of tree structures found on the rétention patch
with the set of parameters représentative of L-Architecf s, solution domain. In particular, the Douglas fir
sample was not représentative of the distribution of the rétention patch (see §Material and Fig. 5-2
bottom) and was used to reproduce 215 of the 279 trees of the rétention patch. At the plot level, the
différences on the basai area and total leaf area of the 279 trees calculated between the inventory
measured and simulated calculated values gave a relative différence of-0.01% and -0.25% respectively
(Table 5-4). If taken by specie, the (absolute) relative différence for the basai area ranged between 0.01
and 0.41% corresponding to the red alders and western hemlocks respectively. The différence ranged
between 0.08 and 2.62% for the total leaf area corresponding to the red alders and western red cedars
respectively. Those results indicate that our modeling approach was capable of reproducing the overall
site characteristics, especially on key structural attributes such as basai area and leaf area, within a high
accuracy in the order of 1% even when looking at specie separately. This also shows that DBH and/or
LA différences higher than 10% observed at tree level for a very small number of trees (Fig. 5-5, Table
5-3) did not have a major impact on the discrepancies found for the reconstructed patch attributes.
Déviation distribution of the DBH
10 20 30 40 50
Absoiiite relative déviation (%)
Déviation distribution of the LA
Absolute relative déviation (%)
Error distribution of the firtctlon r
60 ÔO
Error (%)
100 120 140
Figure 5-5: Absolute relative déviation distribution of the diameter at breast height (DBH) [left] and the
total leaf area (LA) [cenîer]. The error distribution of the fonction F [right]. The déviations for the
DBH and LA were calculated as the absolute relative différence between the reference and simulated
values.
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Table 5-3: Statistics for the non- and absolute déviation distributions on the diameter at breast height
(DBH), total leaf area and function F value.
Statistics DBH (cm)
Abs
Leaf area (m^)
Abs
r
Minimum -0.46 0.00 -2.18 0.00 0.00
First quartile 0.00 0.00 -0.01 0.00 0.00
Médian 0.00 0.00 0.00 0.00 0.00
3"* quartile 0.00 0.01 0.00 0.02 0.02
Maximum 0.06 0.46 0.78 2.18 1.32
Mean -0.03 0.03 -0.13 0.14 0.09
Standard déviation 0.08 0.08 0.33 0.33 0.20
Skewness -2.88 2.93 -2.84 2.96 2.97
Kurtosis 8.27 8.51 9.58 9.67 9.55
Table 5-4: Reconstructed with L-Architect) and in situ site characteristics comparisons per specie
Specie Reconstructed In Situ Déviation (%)
Basai area (m /ha) Western red cedar 2.06 2.06 -0.11
Red aider 0.43 0.43 0.01
Douglas fir 29.68 29.67 0.03
Western hemlock 0.67 0.67 0.41
Lodgepole pine 4.64 4.64 -0.06
Total 37.47 37.47 -0.01
Total leaf area (m ) Western red cedar 2263.13 2322.43 -2.62
Red aider 557.76 557.32 0.08
Douglas fir 36159.16 36217.07 -0.16
Western hemlock 887.36 879.16 0.92
Lodgepole pine 6044.32 6051.91 -0.13
Total 45911.73 46027.89 -0.25
5.4.2. Structure characterization with L-Architect
We showed that the proposed architectural modelling approach was capable to reconstruct individual
tree structure according to external constraints and to replicate stand key structural attributes at a high
level of accuracy. The next step was to compare the quality of the reconstructed canopy structure
generated with L-Architect. No independent and reliable structural dataset was available to evaluate
L-Architect. However, only TLiDAR scans of individual tree and inventory data were used in the
modelling process. Therefore, the results from L-Architect could be compared with the spatial
distribution of canopy components from the TLiDAR and ALiDAR independent data. More
specifically, we decided to use the TLiDAR data to evaluate L-Architect because [i] the spatial
resolution of the instrument was more adapted to sample fine-scale canopy components than the
ALiDAR System, and [ii] the viewing geometry configuration allowed the retrieving of the entire
vertical range between the ground and the canopy height due to the clear eut around the rétention patch.
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Figure 5-6: [Top] XY-plane projection of the différence between the numbers of terrestrial lidar
(TLiDAR) retums per volume elements acquired with the last and first return mode. [Bottom]
Distribution of the XY-plane projection différence (> 0) between the numbers of terrestrial lidar
(TLiDAR) returns per volume elements acquired with the last and first return mode.
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We performed a simple analysis over the TLiDAR first and last return co-registered point clouds of the
rétention patch to select the more appropriate dataset to support the évaluation of L-Architect. The
différence between the total number of points from the TLiDAR first and last returns within 1-m square
vertical columns is shown in Fig. 5-6 (top) for the XY-plane over the rétention patch. The distribution
of those différence show high numbers between 1 and 156 returns (Fig. 5-6, bottom) but important
différences were observed that can be explained by the higher capacity for the laser beam to penetrate
the canopy for the last return mode. Moreover, the missing 4"^ view that was corrupted contributed to
increase the discrepancy between the datasets. The GPS alignment positioning error is another potential
source of error between both datasets but its effect was not clearly discernable on the figure. The
vertical profiles were also calculated and the corrélation gave 0.98 (see Fig. 5-8). That indicates that the
first-, last- mode of the TLiDAR Systems gave similar vertical profiles and their dissimilarities was
mostly observed on the XY-plane projection because mainly of their différence in the amount of laser
returns as we penetrated deeper in the canopy relatively to scanner position. Following those
observations, the TLiDAR last return dataset was chosen to assess L-Architecfs capacity to
characterize the vertical structure within the rétention patch since more laser beams reached the central
portions of the stand thus providing point cloud less affected by object occlusion than the first return
datasets.
The capacity to characterize the vertical structure by L-Architect was assessed with the vertical profiles
of TLiDAR last retum as shown in Fig. 5-7. The Taylor diagram shown in Fig. 5-8 compares the
pattern similarity between the TLiDAR last returns, with a = 0.017, and the other vertical profiles. The
vertical profile from L-Architect showed strong corrélation with the one calculated from the TLiDAR
last retum data and higher variations with <RMSD, r, (T> = <0.007, 0.95, 0.027>. The main potential
source of discrepancies are [i] the incompleteness of the in situ TLiDAR registered point clouds
because of occlusion by other object during scanning while those objects are not source of obstmction
in the reconstructed rétention stand models, [ii] the understory végétation was not considered in the
reconstructed rétention stand models, and [iii] the cumulative positioning error of the simulated trees
and GPS alignment errors for the co-registered point clouds. The results confirmed that L-Architect is
capable of reproducing the vertical stmcture of the canopy. According to the results from the last two
sections (4.1, 4.2), we considered the reconstmcted rétention patch with L-Architect as the most
complété and reliable source of information about the canopy structure of the entire rétention patch to
assess the occlusion impact factor for the LiDAR Systems.
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Figure 5-7: Vertical profiles of the normalized material distribution, [aj] Vertical profiles drawn of the rétention patch for the airborne lidar
(ALiDAR) 2006, terrestrial lidar (TLiDAR) last return and L-Architect. [bj] Vertical profiles of leaf area and wood volume generated with
L-Architect compared with the material distribution from ALiDAR 2006 and TLiAR last return datasets.
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Figure 5-8: Taylor diagram comparing pattern similarity of the vertical profiles between the terrestrial
lidar last returns (TLast) and the other datasets, namely: terrestrial lidar first returns (TFirst), airborne
lidar 2001 (A2001) and 2006 (A2006), and L-Archiîect.
5.4.3. Occlusion impact factor for the TLiDAR
The TLiDAR capacity to characterize the vertical profile of material distribution strongly depended on
the laser capacity to penetrate the forest canopy due to object occlusion. Comparisons between the
vertical profile generated with L-Architecî with a = 0.023 for the entire rétention patch and TLiDAR
first and last return mode gave similar <RMSD, r, o> of <0.006, 0.96, 0.019> and <0.007, 0.95, 0.017>
respectively. We compared the ability of the TLiDAR first against last return to assess the vertical
structure for a small portion of 10 meter radius in the center of the plot (Fig. 5-9a). The L-Architect
dataset showed value of <t = 0.027 for that portion. The Taylor diagram (Fig. 5-10, top) indicated that
even if the acquisition in last return mode performed better <RMSD, r,<r> = <0.016, 0.72, 0.018> than
in first return mode <RMSD, r, o> = <0.026, 0.33, 0.022> the accuracy decreased significantly when
compared to the profiles taken over the entire rétention patch. The same analysis was performed for a
small annulus (~10m width) at the edge of the rétention patch, where a = 0.020 for the L-Architect
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dataset. In that case, the comparison of the vertical profiles showed that the TLIDAR in first retum
mode gave the better results <RMSD, r, o> = <0.0044, 0.9755, 0.0169> compared to last return mode
<0.008, 0.93, 0.016>, increasing slightly the accuracy when the entire portion of the plot was
considered (Fig. 5-9b).
The analysis of the capacity of TLiDAR to characterize the horizontal structure was done by assessing
the normalized spatial distribution déviation in XY-plane projection, which illustrâtes the problem of
signal atténuation from a "top view" perspective (Fig. 5-11). The déviation was drawn between the
XY-pIane projection from L-Architect and LiDAR data respectively. Fig. 5-10 (bottom) shows the
Taylor diagram comparing the pattern similarity between each pair of XY-pIane projections available
from the différent LiDAR datasets and the reconstructed rétention patch with L-Architect. Overall, the
<RMSD, r, <r> value for the first and last return gave <0.00034, 0.29, 0.00028> and <0.00037, 0.14,
0.00027> respectively, with a = 0.00030 for L-Architect. For ail LiDAR datasets an important
déviation in the neighborhood of tall trees were observed indicating that the occlusion of the interior of
the tree crowns créâtes local déficit of material. The maximum déviation values around the taller tree
for the TLiDAR first and last return were 5.4 and 7.4 xlO"^ compared to a RMSD of 3.4 and 3.7 xlO""^
respectively. The occlusion problem was more important for the TLiDAR in the center zone of the
rétention patch (Fig. 5-1 le, 5-1 Id). The XY-plane projection indicates stronger occlusion problem for
the first return mode where the material is mostly distributed "in appearance" on the edge of the
rétention plot. The dataset in last retum mode was capable to penetrate deeper in the forest médium.
However, the TLiDAR first return dataset was better correlated than the last return dataset. The missing
4"^ view was responsible in part in deteriorating the results over that area. Other potential sources of
error are [i] the higher GPS alignment error of the co-registered point clouds which was accentuated in
the XY-plane projection view, and [ii] the higher sensitivity of the last retum to understory végétation
that was omitted in our simulations. Therefore, cares should be taken when characterizing (in
particular) the horizontal structure with TLiDAR instmments since the fine spatial resolution and the
use of multiple scanning views do not eliminate the occlusion effect in dense forest canopy.
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Figure 5-9: Vertical profiles of the normalized material distribution, [aj] Vertical profiles for a center portion of 10 m radius and for an
annulus edge section of 10 m width \bj\ for the TLiDAR datasets and L-Architect.
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(ALiDAR) 2001 {a}], 2006 [/?)], terrestrial lidar (TLiDAR) first [cj] and last [dj] returns.
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5.4.4. Occlusion impact factor for the ALiDAR
Similar analysis was performed to assess the occlusion impact factor for the ALiDAR dataset with the
reconstructed rétention patch with L-Architect. The vertical profile of ALiDAR 2006 dataset showed a
displacement towards higher vertical values of the maximum peak for the compared with L-Architect
(Fig. 5-7a). The ability for the ALiDAR laser beam to penetrate in the canopy is mainly responsible for
this discrepancy. Similar results were obtained with the ALiDAR 2001 (not shown here). The finest
spatial resolution in the ALiDAR 2006 dataset yields to a better sampling of the vertical structure but
the overall normalized profile did not give better results over the 2001 dataset with <RMSD, r, (T> of
<0.017, 0.67, 0.023> and <0.017, 0.74, 0.025> respectively (Fig. 5-10, bottom). The same sources of
error as mentioned for the TLiDAR (section 4.3) could have contributed to the increase of RMSD and
decrease of r. The capacity of the ALiDAR to characterize the horizontal structure is shown in Fig. 5-
11 (a, b). As for the TLiDAR dataset, an important déviation in the neighborhood of tall trees were
observed with maximum déviation values around the taller tree for the ALiDAR 2001, ALiDAR 2006,
of 5.2 and 5.7 xlO'"^ respectively compared to a RMSD of 2.7 and 2.8x10'"^. The déviation calculated
with the ALiDAR dataset from 2001 and 2006 showed that both were capable of characterizing the
horizontal and vertical structure with similar accuracy (Fig. 5-1 la, 5-1 Ib).
The results from both LiDAR Systems showed that, though the comparisons between vertical profiles
of TLiDAR and L-Architect gave better results than those from ALiDAR dataset, the assessment
through the vertical structure with TLiDAR data should consider the potential source of error due to the
occlusion problem. Moreover, the acquisition of the TLiDAR datasets over the rétention patch of
Malahat was done in conditions that are not représentative of data acquisition in natural forest
environment where stronger occlusion effect can be generally expected. Contrarily to the vertical
profiles, the ALiDAR dataset reproduced more closely the horizontal structure compared to the
TLiDAR. An average filter over the XY-plane projections was applied to remove the high spatial
frequencies to assess the effect of small spatial variation in material distribution over the corrélation.
For a box size of 1, 3, and 5, the values of r for {ALiDAR 2001, ALiDAR 2006, TLiDAR first mode,
TLiDAR last mode} were (0.45, 0.41, 0.29, 0.14}, (0.66, 0.59, 0.46, 0.27} and (0.77, 0.69, 0.56, 0.36}
respectively. However, though the corrélation increases when changing the filter box size the same
tendency over the XY-plane projected déviation distribution were observed. Globally, in addition to the
potential source of errors stated in section 4.3, the use of two différent types of data could have
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contributed to alter the outcomes for ail LiDAR data since only the shapes of the profiles were
compared.
5.4.5. Spatial profiles of leaf area and wood volume
The interprétation of ALiDAR and TLiDAR performance to characterize the vertical and horizontal
canopy structure for extracting forest attributes using L-Architect's results remains a difficult task. To
do so, a proper validation strategy should be developed to gather an exhaustive set of structural
attributes from field measurements and test the modeling approach against those data. Nonetheless, the
exercise of evaluating L-Architect resulted in a novel promising methodology to make quantitative
density 3D maps from the use of TLiDAR scans. A simple application of L-Architect is illustrated in
Fig. 5-7b where the normalized vertical profiles of leaf area and wood volume was sketched against the
vertical profiles of LiDAR Systems. The 3D density map of the leaf area and wood volume are shown
in Fig. 5-12. This new modeling approach could thus be validated and applied to quantify the leaf area
and wood volume spatial profiles in support to ALiDAR Systems.
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Figure 5-12: 3D density map of leaf area [top] and wood volume [bottom] generated with L-Architect.
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5.5. Discussions
This study described a modeling approach, L-Architect, and its application to characterize the vertical
and horizontal structure of forest canopy. L-Architect reconstructs tree structures from multiple
TLiDAR scans and external independent information on tree attributes acting as constraints on the
model. The individual tree structure reconstruction was donc through the black-box optimization
algorithm MCS. L-Architect extents its applicability with a catalogue of individual tree TLiDAR scans
that are used to reproduce every tree located on a stand. The final resuit consists to a complété, reliable
and detailed 3D représentation of the canopy structure. Relatively few attempts have been made to
reproduce forest canopies at fine-scale level (e.g. Lane, 2002; Disney et al, 2006; Palubicki et al.,
2009). The main difficulty remains having access to sufficient information on site characteristic in
order to model the intricate 3D arrangement of forest canopies. L-Architect is particularly well adapted
to this context by the use of TLiDAR technology for providing the spatial distribution of tree
components at high précision while overcoming current TLiDAR limitation in structure
characterization. The passage from the individual tree (Côté et al., 2010) to entire canopy is a
significant contribution in our ability to model architecture at fine scale in operational context for forest
remote sensing and ecology.
The architectural dataset obtained with L-Architect surpasses largely the information retrievable from
current remote sensing technology. LiDAR Systems allow the partial characterization of vertical and
horizontal structure but material, geometry, branching topology and biophysical attributes of ail canopy
éléments remain generally unknown. A full characterization of the forest canopy structure implies
collecting information such as foliage dumping at ail relevant spatial scales, the extent of wood surface
area and the number, size, shape and orientation distribution of leaves or needles. Some of these
variables may be retrievable from remote sensing techniques, but others require direct field
observations from a variety of methods, e.g. hemispherical photography (Foumier et al., 2003; Leblanc
et al., 2005), since no single technique can provide ail the necessary information at once. A realistic
représentation of canopy structure by the mean of L-Architect could provide a method to improve the
estimation of structure parameters or a mean to identify the variables primarily responsible for the
observed variability of attributes in realistic forest scénarios. For example, L-Architect could serve in
conjunction with 3D physical radiative transfer models to simulate varions forest canopies for
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calibrating inversion algorithms and validating products from satellite optical imagery (Côté et al.,
2009).
Accurate retrieval of forest attributes as well as the identification of the spatial composition and
structure of landscapes from remote sensing imagery are limited by the complexity of canopy
architecture. Estimations of leaf area index, wood volume and aboveground biomass from ALiDAR are
examples of structural attributes that could benefit from L-Architect in providing additional structural
information décisive to the extraction methods. The link between ecological processes and spatial
patterns observed from remote sensing (e.g. ALiDAR) could be tightened with detailed information on
canopy architecture. Following this work, corrélation between the ALiDAR estimâtes of foliage and
wood profiles could be tested against reconstructed sites with L-Archtiect. The synergy between the
airborne and terrestrial LiDAR could be further investigated by assessing the combined use of
L-Architect and (i) ALiDAR to describe the arborescent stratum, and (ii) TLiDAR to detect the vertical
structure of trees and shrubs.. ALiDAR Systems have successfully been used in estimating the position,
height, crown dimension and others attributes of individual trees in varions forest canopies (Lefsky et
al., 2002; Lim et al., 2003; Morsdorf et al., 2004; 2006; Parker and Evans, 2009). These attributes
could be used directly to drive the architectural modeling without the use of traditional inventory
measurements. More sophisticated developments could lead to the development of calibration
équations that would relate ALiDAR to stand inventory attributes in areas that are remote and have no
possibility for ground calibration, or in areas that are accessible to decrease or even replace the need for
ground-reference.
5.6. Conclusion
The proposed modelling approach L-Architect links TLiDAR data to tree structural attributes at fine-
scale level. The model expansion towards a detailed représentation of forest canopy architecture
implied the création of catalogue of individual tree samples scanned with a TLiDAR system. As a first
spécifie objective, L-Architect was applied at reproducing a high number of tree structures detailed at
the shoot level to recreate the rétention patch of Malahat. The capacity of L-Architect to reproduce the
architectural complexity of forest canopy relies on the availability of a tree catalogue covering the
structural variety présent on forest sites. Therefore, it should be crucial to identify and acquire TLiDAR
scans of a relevant number of trees that are characteristic of a particular forest site or environment: i.e.
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samples of every dominant specie and hierarchical classes (dominant, co-dominant, intermediate and
suppressed). The détermination of the optimal number and distribution of those samples should be
assessed in future works. As a second spécifie objective, L-Architect allowed to quantify the occlusion
impact factor on retrieving the vertical and horizontal canopy structure with LiDAR Systems in a
natural mature forest environment. We demonstrated that L-Architect is well adapted to remote sensing
problematic for forest attribute estimation. As a third spécifie objective, L-Architect provided a
complété, reliable and detailed spatialization of canopy structure for the rétention plot of Malahat with
no need of destructive measurements per se. A simple illustration case was accomplished with the
création of quantitative 3D maps of leaf area and wood volume for the rétention patch. L-Architect
could support the validation of remote sensing products of végétation covers at différent scale levels for
a whole range of technology and imagery such as LiDAR and satellite optical instruments by providing
a complété spatial characterization of structural variables in varions actual scénarios.
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6. Conclusion
Le modèle d'architecture L-Architect vise à compenser certaines limites actuelles des méthodes de
mesure du couvert végétal par télédétection. L'échantillonnage destructif in situ est précis mais s'avère
difficile à mener sur une base régulière pour une couverture terrain significative. La télédétection
permet de faire le suivi adéquat de l'état de la végétation mais l'estimation des paramètres structuraux
est limitée par la complexité 3D du couvert. Les technologies LiDAR et le raffinement des instruments
de mesure repoussent les limites actuelles à caractériser la structure des couverts végétaux. La capacité
d'extraire l'information des nouvelles technologies sur l'état de la végétation est maintenant
dépendante d'une représentation fidèle des couverts végétaux. L'apport du modèle d'architecture
L-Architect est d'intégrer les avancées technologiques en infographie tout en adressant la limite
actuelle d'une représentativité défaillante de l'architecture. Il est adapté aux problématiques de
télédétection des attributs forestiers pour réduire de façon substantielle les mesures in situ destructives,
avec un niveau de détails à l'échelle des éléments d'influence de la mesure.
Le modèle L-Architect met l'accent sur une reconstruction (statique) statistiquement correcte des
couverts favorisant le lien étroit entre les données de télédétection et l'architecture. Comme premier
objectif spécifique, le développement du modèle L-Architect a rendu possible la transformation des
données TLiDAR en structure complète en connectant physiquement les composantes de la végétation
entre elles et en restituant leur forme, dimension, orientation et position. Les résultats obtenus ont
confirmé la première hypothèse spécifique démontrant la faisabilité de reconstruire avec précision la
structure d'arbres individuels en forêt à partir de données TLiDAR grâce à un modèle élaboré, robuste
et flexible, L-Architect. De cet exercice, il a été possible de tester la validité des structures reconstruites
sur des arbres individuelles dans un environnement virtuel permettant une comparaison non biaisée
entre les attributs de structure évalués. Pour le deuxième objectif spécifique, l'extraction des attributs
structuraux à partir des nuages de points TLiDAR par l'utilisation de l'algorithme d'optimisation a
démontré la capacité de L-Architect à reproduire de façon détaillée et précise la structure d'arbres
individuels. L'hypothèse spécifique a été affirmée tout d'abord par la paramétrisation automatisée du
modèle qui a été considérablement simplifiée par l'approche d'optimisation. Et ensuite, que cette
procédure d'automatisation a permis de consolider la fiabilité, flexibilité et robustesse de L-Architect à
caractériser la structure d'arbre individuel sur 4 espèces de conifères en milieux naturels où les scans
TLiDAR incluaient des artéfacts induits par le vent et l'occlusion. Enfin pour le troisième objectif
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spécifique, l'extension de L-Architect à une représentation détaillée de la structure des couverts
forestiers a impliqué l'usage d'un catalogue d'arbres individuels balayés avec un système TLiDAR.
Avec un échantillon d'arbres représentatifs du site forestier, l'approche proposée a permis la
reproduction structurelle des couverts complexes d'un îlot de rétention en forêt naturelle mature.
L'évaluation de L-Architect avec les profils verticaux et horizontaux de matériel a clairement affirmé la
troisième hypothèse spécifique en relevant les limites et en augmentant la capacité des systèmes
LiDAR à caractériser la structure verticale et horizontale du couvert. Il a été montré comment
L-Architect pouvait être utilisé à générer des cartes 3D précises des composantes de placette à partir de
données LiDAR par la quantification des profils spatiaux de la surface foliaire et le volume de bois. De
cet exercice, le potentiel de L-Architect à mettre en relations la structure des couverts à la distribution
physique des retours LiDAR a bien établi son rôle dans l'amélioration des estimés cartographiques des
attributs forestiers.
Le modèle d'architecture fournit un complément aux inventaires terrains des scènes réalistes de milieux
végétaux très recherchés pour l'amélioration des simulations par transfert radiatif. La contribution que
procure L-Architect a été testée pour améliorer la capacité d'inversion des attributs d'intérêt en
télédétection LiDAR et optique de la végétation. Certains aspects devraient être toutefois considérés
pour une utilisation opérationnelle de L-Architect. La qualité de la reconstruction architecturale du
couvert est sans aucun doute dépendante du nombre d'échantillons d'arbres individuels dans le
eatalogue. Cependant, le nombre optimal d'échantillons nécessaires reste à déterminer en fonction du
niveau de précision désirée et devra faire l'objet d'une étude ultérieure. Dans le cas ou L-Architect sera
utilisé dans les simulations de transfert radiatif, il sera essentiel de développer une stratégie de
spatialisation ou un mécanisme de gestion de mémoire élaboré pour permettre l'inclusion de scènes très
détaillées comportant un nombre d'objets excédant les capacités des systèmes informatiques actuels.
Les forêts de conifères, avec leur pousse typique et leur groupage au sein des branches, pourraient être
simulées en détails avec un modèle de transfert radiatif 3D utilisant les données exhaustives sur la
stmcture par L-Architect et les propriétés spectrales acquises in situ. Ces forêts reconstruites pourraient
être ensuite utilisées comme sites expérimentaux par les agences spatiales et les réseaux scientifiques.
L'application du modèle aux couverts de feuillus reste à vérifier, mais rien ne devrait empêcher
d'utiliser la même approche. Dans ce cas, L-Architect reproduirait les arbres individuels à partir de
scans TLiDAR avant et après la tombée des feuilles, où la structure de branches serait reconstruite plus
précisément et l'information sur le feuillage obtenue par différentiation de nuages de points TLiDAR
(Hosoi et Omasa, 2006). Ce travail pourra être aussi étendu à d'autres techniques de télédétection
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comme le radar, où les modèles récents de rétro-diffusion requièrent également une représentation
précise des couverts végétaux (Lang et al, 1994; Disney et al, 2006). La validation, à moyen ou long
terme, des produits de télédétection à plusieurs échelles pour une grande variété de couverts végétaux,
de technologies et d'imageries serait alors envisageable. Enfin, L-Architect pourra être employé à des
applications en écologie forestière nécessitant des ensembles de données structurelles détaillées. Par
exemple, l'implantation de modèles pour prédire et cartographier les propriétés de la fibre de bois est
tributaire de la qualité de la description structurelle des arbres et des sites forestiers (Houllier et al,
1995; Chave et al, 2009) et L-Architect deviendrait un acteur important dans ce processus de
modélisation spatiale.
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Annexes
Al. Le formalisme des L-Systèmes
Un L-Système est un système de réécriture parallèle opérant sur des structures de branches représentées
comme des chaînes de symboles munis de paramètres appelés modules. Au départ, un L-Système
consiste en trois composantes (y,co,P): V représente l'alphabet, un ensemble de tous les symboles
utilisés par le système; CûczV*{V* signifie 0 ou plusieurs symboles) est l'axiome et représente l'état
initial du système et enfin P czV xV* est l'ensemble des règles de production qui définissent comment
le système se développe au cours du temps (Prusinkiewicz et Lindenmayer, 1990). La topologie est
modélisée à l'aide de crochets « [ ] », où une paire de crochets englobe une branche. La simulation
commence avec une chaîne initiale, l'axiome, et procède dans une séquence discrète d'étapes de
dérivation. À chaque étape, des règles de productions remplacent tous les modules de la chaîne du
prédécesseur par les modules du successeur. L'applicabilité d'une règle de production dépend (i) du
contexte du prédécesseur dans le cas des L-Systèmes contextuels, (ii) de la valeur des paramètres dans
les productions gardées par des conditions et (iii) d'un facteur aléatoire dans le cas des L-Systèmes
stochastiques. Une règle de production a le format suivant :
id : cg < préd > cd {a}: cond suce : prob (A-1)
où id est l'identificateur de la production, cg, préd et cd sont le contexte à gauche, le prédécesseur
stricte et le contexte à droite respectivement, cond la condition, suce le successeur et prob la probabilité
d'application de la règle. Ici, a et correspondent à des énoncés de codes pour permettre l'exécution de
certaines instructions indépendantes au langage des L-Systèmes. Seuls le prédécesseur strict et le
successeur sont des champs obligatoires. La liste de production est ordonnée et dans le cas déterministe
la première règle qui concorde s'applique. Dans le cas stochastique, l'ensemble des règles de
production applicables est établi et l'une d'entre elles est choisie selon les probabilités spécifiées. Une
production est appliquée en différentes étapes. Premièrement, on détermine si le prédécesseur et les
contextes concordent avec les symboles dans la chaîne. Si c'est le cas, les instructions a sont exécutées
et la condition est évaluée. Si le résultat de l'évaluation est « vrai », alors les instructions P sont
exécutées à leur tour, les valeurs des paramètres du successeur sont calculées et le successeur est inséré
dans la chaîne résultante. Voici un exemple d'un L-Système muni de trois règles de production et d'un
axiome © :
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û;:A(i)5(3)a(5)
P,:A{x)^A{x + 1):0A
P2 : A(x) —> B{x -1) : 0.6
Pi n > A(z) ; y < 4 -> + zlA{y)]
Les règles de production pj et p2 remplace le module A(x) par A(x+1) ou B(x-l) selon une probabilité
de 0.4 et 0.6 respectivement. La règle ps remplace un module B(y) avec un contexte à gauche A(x) et à
droite A(y) par le module B(x+z) supportant une branche A(y) dans le cas où la condition y <4 est
vérifiée. Ainsi, la première dérivation pourrait être : A(l)fî(3)A(5) => A(2)fî(6)[A(3)]5(4). Dans ce cas,
la règle pi a été appliquée sutA(1), p3 sur B(3) et p2 sur AfJj.
La structure générée avec un L-Système peut être visualisée en assignant une interprétation graphique à
un ensemble prédéfini de modules (figure A-1). L'interprétation de la chaîne résultante procède de
façon séquentielle contrairement à l'application parallèle des règles de production à chaque étape de
dérivation. Certains modules sont réservés pour agir comme des commandes de tracé de tortue {turtle
graphie). À chaque point de la chaîne de symboles, la tortue est caractérisée par un vecteur position
Pet trois vecteurs mutuellement perpendiculaires U,H,L. Par exemple, le module prédéfini, appelons
le F, dit à la tortue de dessiner une ligne dans la direction de H et les modules +,-,&,a,/,\ tourne la
tortue autour des vecteurs U,H,L (figure A-2). Durant l'interprétation des branches, un crochet
ouvrant empile l'état courant de la tortue (la position et l'orientation) dans une pile et un crochet
fermant dépile l'état de la tortue de la pile. L'état de la tortue est important lorsque l'on considère les
phénomènes environnementaux, comme les collisions avec des obstacles et l'exposition à la lumière.
Dans ce cas, après chaque étape de dérivation, la chaîne est interprétée et les attributs de la tortue
calculés lors de l'interprétation sont retournés comme paramètres aux modules de requêtes (modules
d'environnement). L'environnement reçoit les informations, traite les données, et renvoie sa réponse au
modèle de plante. La plante reçoit alors la réponse et est prête pour le prochain pas de dérivation. Cette
boucle d'interaction continue tout au long de la simulation (Mëch et Prusinkiewicz, 1996).
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Figure A-1 : Exemples d'application d'une règle de production sur le symbole S (gauche) et du
développement d'une structure avec l'application de deux règles de production (droite). Figures
modifiées de algorithmicbotany.org.
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Figure A-2 : Rotation de la tortue. Tiré de Prusinkiewicz et Lindenmayer, 1990.
